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ABSTRACT OF THE DISSERTATION
CONNECTIVITY OF FRAGMENTED AMPHIBIAN POPULATIONS IN A
NEOTROPICAL LANDSCAPE
by
Aaron Justin Nowakowski
Florida International University, 2014
Miami, Florida
Professor Maureen Donnelly, Major Professor

A high proportion of amphibian species are threatened with extinction globally, and
habitat loss and degradation are the most frequently implicated causes. Rapid
deforestation for the establishment of agricultural production is a primary driver of
habitat loss in tropical zones where amphibian diversity is highest. Land-cover change
affects native assemblages, in part, through the reduction of habitat area and the reduction
of movement among remnant populations. Decreased gene flow contributes to loss of
genetic diversity, which limits the ability of local populations to respond to further
environmental changes. The focus of this dissertation is on the degree to which common
land uses in Sarapiqui, Costa Rica impede the movement of two common species of
amphibians. First, [ use field experiments, including displacement trials, and a behavioral
landscape ecology framework to investigate the resistance of pastures to movement of
Oophaga pumilio. Results from experiments demonstrate that pastures do impede
movement of O. pumilio relative to forest. Microclimatic effects on movement
performance as well as limited perceptual ranges likely contribute to reduced return rates

through pastures. Next, I linked local processes to landscape scale estimates of resistance.
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I conducted experiments to measure habitat-specific costs to movement for O. pumilio
and Craugastor bransfodrii, and then used experimental results to parameterize
connectivity models. Model validation indicated highest support for resistance estimates
generated from responses to land-use specific microclimates for both species and to
predator encounters for O. pumilio. Finally, I used abundance and experiment-derived
resistance estimates to analyze the effects of prevalent land uses on population genetic
structure of the two focal species. While O. pumilio did not exhibit a strong response to
landscape heterogeneity and was primarily structured by distances among sites, C.
bransfordii genetic variation was explained by resistance estimates from abundance and
experiment data. Collectivity, this work demonstrates that common land uses can offer
different levels of resistance to amphibian movements in Sarapiqui and illustrates the
value of investigating local scales processes to inform interpretation of landscape-scale

patterns.
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[. INTRODUCTION

Amphibian declines, land use change, and connectivity

Global biodiversity is threatened by the growing impact of human populations
and amphibians have become a focus of efforts to quantify and abate what is now widely
considered a period of mass extinction (Diamond 1989, Wilson 2002, Wake and
Vredengerg 2008). Assessment of the conservation status of vertebrate groups has been
thorough in comparison with other taxa (e.g., insects and plants), and amphibians are
among the most vulnerable vertebrate classes with population declines documented for
43% of the species evaluated (Stuart et al. 2004, [UCN 2008). Rapid declines of
amphibian populations are occurring disproportionately in the Neotropics and are now
the focus of urgent conservation initiatives aimed at monitoring, research, and captive
breeding programs (Lips et al. 2005, Mendelson et al. 2006, Whitfield et al. 2007).

Habitat loss and degradation are considered the most prevalent threats to
amphibian diversity, (Stuart et al. 2004). In the tropics, forests are being cleared and
converted to other land-uses at a rate of 58,000 km” per year (Achard et al. 2002). Sixty
percent of total forest conversion in Latin America from 1990-2000 resulted in
establishment of permanent agriculture, which includes livestock pastures, exotic tree
plantations and food crop cultivation (FAO 2009). Other proximate causes of declines
include exotic species invasion, over-exploitation, climate change, pesticide
contamination, and pathogenic infection (Collins and Storfer 2003, Lips 2005). These
factors likely contribute synergistically with land-use change to species loss (Wake and
Vredenburg 2008). Reduced size and connectivity of remnant populations following

land-use change often results in reduced genetic diversity that can decrease larval



survival (Hitchings and Beebee 1997), and increase susceptibility to UV-B radiation
(Weyrauch and Grubb 2006), pathogens (Pearman and Garner 2005), and ultimately to
extirpation (Frankham et al. 2002). Therefore, maintenance of connectivity among
recently isolated habitat fragments may be vital to buffer local populations against
changing environmental conditions (e.g., invasive species, climate change, and spread of
pathogens).

In a fragmented landscape, rates of individual dispersal and gene flow, factors that
influence spatial patterns of gene frequencies and species abundances, are dependent
upon the interaction of species traits and the composition of the landscape matrix
surrounding patches (Tischendorf and Fahrig 2000, Rickets 2001, With 2004). Organisms
may exhibit functional responses to complex landscapes, whereby avoidance of certain
matrix elements can result in asymmetrical dispersal rates among patches separated by
comparable straight-line distances (With 2004, Fitzgibbon et al. 2007). Several studies
have found that alternative routes, least cost distances, and matrix composition metrics
explain more variation in gene flow, local abundances, and occupancy than straight-line
distance measures of isolation (Storfer et al. 2007, Prugh et al. 2008, Watling et al.
unpublished data).

Many amphibians have evolved a distinct dispersal phase which is presumably
adaptive in environments where resources are spatially and temporally dynamic
(Semlitsch 2001, Smith and Green 2005). However, frequent dispersal through an
anthropogenically-altered landscape may represent an ‘ecological trap’ in which
amphibian populations experience greater overall mortality and extinction risk than they

do in unaltered landscapes (Gibbs 1998, Fahrig 2001). Several studies have documented



increased mortality and extinction probability associated with particular landscape
elements (e.g., roads) and in species with greater dispersal tendencies (Gibbs 1998, Carr
and Fahrig 2001, Homan et al. 2004).

At the landscape scale, connectivity effects can be observed in patterns of
distribution, population genetic structure, and movement of organisms in response to
different habitat types (Ricketts 2001, Fitzgibbon et al. 2007, Richardson ). At the local
scale, it is possible to quantify the mechanisms underlying landscape-scale patterns, such
as habitat-specific mortality rates (Rothermel and Semlitsch 2006), time spent searching
for habitat, which can be affected by physical ability to move through the matrix and
ability to detect destination habitat (Stevens et al. 2004), and avoidance of certain matrix
elements (Mazerolle and Desrochers 2005, Rittenhouse and Semlitsch 2006).
Dissertation overview

In this dissertation, I present a case study of landscape connectivity for two
amphibians in the lowlands of northeastern Costa Rica. In Chapter 1, I used experimental
approaches grounded in a behavioral landscape ecology framework (Knowlton and
Graham 2010) to evaluate resistance of pastures to movement of Qophaga pumilio, a
common dart-poison frog. I translocated individuals from capture sites at varying
distance into forest and pasture and compared return rates as an index of landscape
resistance. | followed up with two experiments that measured possible mechanisms
underlying differences in return rates between pasture and forest, movement performance
under different microclimatic conditions and orientation ability at various distances from

capture sites.



In Chapter 2, I use experiments to measure relative costs among land cover types
in terms of processes related to connectivity. These local processes included habitat-
specific desiccation risk and associated survival, movement speeds across different
substrates, predator encounter rates, and substrate choice. For amphibians, migrant
survival is likely influenced by susceptibility to thermal stress, evaporative water loss,
and predation. Amphibians tend to dehydrate more quickly in areas with low cover
(Rothermel and Luhring 2005) and on dry substrates (Mazerolle and Desrochers 2005).
Limited cover and differences in predator abundances and composition in disturbed
habitats may contribute to contrast in perceived risk or survival in among land cover
types. Dispersal behavior, such as orientation, may be an important aspect of functional
connectivity. As amphibians seem to lack the ability to detect differences among habitats
at long-distances (Rothermel 2004), they may use localized substrate, vegetation, or
olfactory cues for orientation during dispersal (McGregor and Teska 1989, Rittenhouse et
al. 2004, Stevens et al. 2006a).

By measuring different local processes using experiments, I was able to assign
empirical cost values to resistance surfaces that were in turn used as input for
connectivity models. Few studies to date have used experiments to measure costs among
landscape features, despite the potential to specify possible mechanisms underlying
connectivity (Stevens et al. 2006a,b). Empirical data are more likely to provide relative
cost values that reflect biologically relevant contrasts among landscape elements than
commonly used expert opinion methods or model fitting.

In Chapter 3, I analyzed patterns of population genetic structure Qophaga pumilio

and Craugastor bransfordii in northeastern Costa Rica. Most landscape genetic studies



are have not directly measured biological processes potentially underlying observed
patterns (e.g., survival, predations risk, and behavior; Cushman 2006). Here, I combined
landscape genetics, field surveys and field experiments to explain genetic variation across
a landscape while focusing on dispersal limitation as a potential mechanism shaping
patterns of differentiation. I used resistance surfaces developed in Chapter 2 as input for
connectivity models. In turn, estimated effective distances were used as explanatory

variables in analyses of pairwise genetic differentiation.
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II. CHAPTER 1: LANDSCAPE RESISTANCE TO MOVEMENT OF THE POISON
FROG, OOPHAGA PUMILIO, IN THE LOWLANDS OF NORTHEASTERN COSTA

RICA

ABSTRACT

Conversion of forests to agricultural land or pastures is occurring at a rapid rate in many
tropical regions. Amphibians may be particularly susceptible to changes in landscape
composition and connectivity because of their physiological characteristics and complex
life cycles. We experimentally assessed landscape resistance for the dart-poison frog,
Oophaga pumilio, associated with two prevalent land-cover types, secondary forest and
pasture, in the northeastern lowlands of Costa Rica. We measured recapture rates of
individuals displaced into forest and into pasture, the effects of microclimate on the
movement performance of individuals, and the influence of land-cover type and
displacement distance on orientation ability of O. pumilio. Results showed a significant
interaction between displacement distance and land-cover type indicating greater
resistance to movement experienced by individuals displaced into pasture compared to
frogs displaced into forest. Microclimatic conditions in pasture appear to have a
detrimental effect on the movement performance of O. pumilio and initial orientation was
both distance and habitat dependent. Understanding the magnitude of resistance
presented by different land uses to amphibian dispersal is important for the development

of successful conservation strategies in human-altered landscapes.



INTRODUCTION

Landscapes are being drastically altered by human activities such as agriculture
and urban development, causing loss of connectivity and fragmentation of previously
continuous habitat (Fahrig, 2003: Rittenhouse and Semlitsch, 2006; FAO, 2009). In the
tropics, forest conversion is occurring at a rate of approximately 58,000 km” per year
resulting in a mosaic of human-land uses (Achard et al., 2002; FAO, 2009) in which
organisms occur in patches of remnant habitat. It is clear that habitat loss is the primary
driver of widespread-global amphibian declines, but we currently lack an understanding
of how landscape mosaics mediate connectivity for remnant amphibian populations, and
in turn, to what extent altered connectivity affects population persistence (Lips et al.,
2005; Gardner et al., 2007a; Vié et al., 2009).

Theoretical and empirical studies have demonstrated the importance of dispersal
in the dynamics of fragmented populations and communities (Anderson and Danielson,
1997; Mouquet and Loreau, 2003; Smith and Green, 2005). Dispersal of organisms
among remnant habitat patches helps prevent local extinction, promotes genetic diversity
and allows colonization of new habitat patches (Mouquet and Loreau, 2003; Vellend,
2005; Ronce, 2007). Establishment in new habitat depends on the ability of organisms to
detect and reach suitable patches (Mazerolle et al., 2005; Zollner and Lima, 2005;
Baquette and Van Dyck, 2007). Dispersal success can be associated with distance
between patches or the degree of functional connectivity (Ricketts, 2001; Calabrese and
Fagan, 2004; Mazerolle et al., 2005; Ovaskainen et al., 2008) which is defined as the
resistance of landscape components to the movement of organisms (Tischendorf and

Fahrig, 2000). Functional landscape connectivity is a determined by the quality of the
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matrix through which individuals must move (Henein and Merriam, 1990; Rothermel and
Semlitsch, 2002; Ricketts, 2001; Vandermeer and Carvajal, 2001; Kupfer et al., 2006;
FitzGibbon et al., 2007) and is also dependent on multiple taxon-specific variables, such
as survival, individual behavior, and movement ability (Fahrig, 2001; Belisle, 2005; Lees
and Peres, 2009). For amphibians, migration rates are likely influenced by an individual
organism’s ability to overcome factors such as predation, risk of desiccation, resistance of
substrates to movement, and stressful microclimatic conditions (Stevens et al., 2004;
Mazzerole and Desrochers, 2005; Rittenhouse et al., 2008). The amount of time that
dispersing amphibians are exposed to these risks via suboptimal dispersal routes may
depend on their ability to detect and orient toward suitable habitat.

Currently, little is known about behavioral responses of amphibians to land-uses
in the tropics (Gardner at al., 2007a; 2007b). This absence of data will inhibit efforts to
predict the effects of current and future land-use change on threatened groups of
organisms. Translocation experiments, which involve displacing animals from areas of
capture into novel habitats represent a set of methods for investigating perceptual range,
homing tendencies and the manner in which abiotic and biotic landscape features
influence movement behaviors (Marsh et al. 2004, Belisle, 2005; Knowlton and Graham,
2010). Information obtained from translocation experiments can be used to parameterize
individual-based and graph theory-based models of landscape connectivity (McRae et al.,
2008) that are often parameterized with user-defined values as opposed to empirical data.

The objective of this study was to experimentally assess landscape connectivity
associated with predominant land-cover types for amphibians in a lowland tropical region

in Costa Rica. We examined if secondary forest and pasture offer different levels of
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resistance to dispersal for a common dart-poison frog, Oophaga pumilio. We conducted
three experiments, one to obtain an index of landscape resistance by analyzing recapture
rates of frogs displaced into either forest or pasture at different distances, and two
experiments to examine mechanisms underlying potential differences in landscape
resistance. We expected that return rates would be lower for frogs displaced into pastures
because pastures differ greatly in vegetation structure and microclimate from forests.
Conditions in pastures generally include a thick groundcover composed of grasses, with
few shrubs or trees to provide cover and shade, conditions that may inhibit movement of
frogs and result in mortality from desiccation or predation (Fig 1a; Nowakowski et al.,
unpublished data). We investigated the effects of microclimatic conditions found in
forest and pasture on movement performance of O. pumilio by first exposing frogs to
temperature and humidity conditions found in these habitats and then testing locomotory
performance. Heat stress and dehydration may affect dispersal success of amphibians by
reducing movement ability (Miller 1982), which can result in greater time spent
searching for suitable habitat and ultimately increased risk of predation or desiccation.
We also observed the initial orientation of O. pumilio when displaced into forest
and pasture habitat and whether orientation direction was influenced by the distance from
original capture sites. We expected frogs to be better able to orient toward their
territories when displaced into forest than into pasture because of presumed familiarity
with sensory cues found in forest habitat. We also expected that this ability to orient
would decrease as displacement distance increased as a result of attenuation of homing
cues (Sinsch 2006). It is important to note that homing responses could be attributed to

differences in ability to orient or differences in motivation between habitats. If
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motivation is the primary factor affecting orientation responses, we would then expect
stronger directional orientation by frogs displaced into pasture than into forest, because
pasture represents a novel habitat in which perceived risk may be greater. By displacing
frogs into both pastures adjacent to familiar territory and far from familiar territory, we
tested whether O. pumilio were orienting toward the forest because (1) they were homing
toward familiar territory or (2) because they responded to cues from forest habitat in

general.

METHODS
Study organism

In northeastern Costa Rica, O. pumilio is a small red frog with blue, purple or
black hind limbs, and is commonly found in tree plantations and forest habitat in lowland
moist and wet forest zones (Fig 1b; Savage, 2002). Oophaga pumilio is a diurnal species
that typically occurs at relatively high population densities, although recent population
declines have been recorded in old-growth forests at La Selva Biological Station
(Whitfield et al., 2007). Adult size ranges from 17.5 to 24 mm snout-vent length (SVL;
Savage, 2002) and they are known to maintain home ranges from approximately 2 to 15
m® (Donnelly, 1989). McVey et al., (1981) showed that O. pumilio individuals displaced
up to 20 m from their home range within the same habitat were able to home to the site of

capture.
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Study area

We conducted this study in La Selva Biological Station and in adjacent forests
and pastures in the Sarapiqui region of northeastern Costa Rica. The study area is located
in the Lowland Atlantic Wet Forest habitat described by Savage (2002). The Sarapiqui
area receives approximately 4 m of rain annually (Sanford et al., 1994). Mean monthly
temperature ranges from 24.7°C to 27.1°C (Sanford et al., 1994). Northeastern Costa
Rica has been extensively fragmented since the 1950s resulting in a landscape mosaic
dominated by remnant forest (29% of the landscape) and pasture lands (20%; Sesnie et
al., 2008). We located pasture sites running parallel to secondary forests using land-

cover maps and aerial photographs of La Selva and the surrounding landscape.

Displacement experiment

We measured recapture rates of O. pumilio individuals when displaced into either
forest or pasture. We established 10 m wide collection zones (e.g., Marsh et al. 2004)
within three replicate secondary-forest fragments along forest-pasture edges. Within
these collection zones, we captured a total of 120 O. pumilio individuals and gave each a
unique mark using toe clips. At the time of initial capture, individuals were randomly
assigned to a land-cover type and displacement distance. Sixty individuals were
displaced into pasture and 60 individuals were displaced into forest at distances of 20 or
30 m from their site of capture (Fig 2). Capture sites were marked with fluorescent
flagging tape. We searched each capture site the day after initial displacement and
subsequent searches occurred once per day as we visited sites over a two-week period

until a total of 10 searches were completed. During each visit, we searched for
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individuals within a 3 m radius of the capture site for 3 minutes. An index of landscape
resistance was obtained from the recapture rates for individuals returning from each land-

cover type.

Movement performance

We measured the effects of microclimatic conditions associated with secondary
forest and pasture on movement performance of individual frogs. We captured 38 adult
O. pumilio individuals from secondary forest and recorded snout-to-vent length (SVL)
and sex of each individual. Individuals used in this experiment ranged in size from 17-22
mm (SVL). Trials were conducted between 3 July 2010 and 29 July 2010. For each
trial, we placed an individual frog inside a cylindrical enclosure (15 cm diameter) made
of metallic wire and gray screen fabric. Each trial involved placing three frogs in pasture
enclosures and three in forest enclosures. The frogs were placed into the enclosures for a
period of 27-30 min to expose them to the microclimatic conditions found in forest and
pasture habitats during mornings or afternoons without rain between the hours of 1100 h
and 1600 h. Enclosures were placed at least 10 m apart and were installed by cutting a
ring into the soil with a shovel and inserting the open bottom of the enclosure several
centimeters into the ground, which left the substrate inside the enclosure intact.
Temperature and relative humidity (RH) were measured outside and inside of each
enclosure using iButton hygrochron temperature and humidity sensors (Maxim Integrated
Products).

After exposure to microclimatic conditions, frogs were removed from enclosures,

placed into clean plastic containers and taken to a nearby ambient-air lab where we
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measured movement performance. Time between removal from exposure site and start of
movement trials was on average 21 minutes (SD = 5 min). The order in which frogs were
entered into movement trials was randomized. Individuals were placed into one end of a
2 x 0.25 m arena constructed from particle board. Lines were drawn on the floor of the
arena at 5 cm increments. We measured the time it took each frog to move 180 cm from
one end of the arena to the other. Each trial lasted a maximum of three minutes. If the
frog did not finish crossing the arena in the time given, a three-minute time was recorded
and the distance moved was recorded. When a frog stopped for 5 s we placed a wooden
dowel (dia = 20 mm) behind the individual at the nearest 5 cm mark to induce movement.
Stimulation was equally applied on all trials so that frogs’ propensity to move was
standardized (Stevens et al., 2004). We compared movement performance, measured as
the time it took to traverse the length of the arena, for frogs exposed to conditions in
forest and pasture.

We also exposed frogs to simulated microclimatic conditions of pastures in a
controlled lab setting. We captured 44 adult O. pumilio from secondary forest habitat and
randomly assigned individuals to a high temperature-low humidity treatment and a
control. For each trial we placed 10-12 frogs into individual plastic cups (266 ml)
partially filled with sand. A piece of paper towel was placed on top of the sand and a
piece of nylon mesh screen was secured to the top of each cup with a rubber band to
prevent frogs from escaping. For the simulated pasture treatment, cups were placed into
a drying oven set to the mean temperature observed in pastures (37°C). The door of the
drying oven was opened to regulate humidity. Both temperature and humidity were

monitored using a Kestral 3000 weather meter and ibutton hydrochron sensors. For the
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control, cups were placed in an ambient-air lab and paper towels were wetted with
collected rainwater. Temperatures for the control were similar to the surrounding forest.
In each trial, frogs were exposed to microclimatic conditions for 30 min and then
removed and placed into clean plastic containers numbered on the bottom with each
frog’s ID. Frogs were then submitted to movement performance trials as described
above. These trials were conducted blind to eliminate possible influence of observer
bias. To estimate water loss during the experiment, we weighed frogs before exposures

and after movement trials.

Orientation experiment

We conducted an experiment to measure orientation tendencies of displaced frogs
at three replicate forest-pasture edges in the landscape surrounding La Selva Biological
Station (Fig 1a). Each forest-pasture edge was oriented along a different directional axis.
Collection zones were established in secondary forest within 10 meters of the forest-
pasture edge and delimited with flagging tape. Over a four-week period, a total of 180
frogs were captured from collection zones, measured, and held for up to approximately
four hours in the forest in opaque plastic containers with moist leaf litter until testing.
Frogs were randomly assigned to one of twelve displacement treatments (n=15): at
distances of 25, 50, 75, or 100 m into forest adjacent to capture sites, pasture adjacent to
capture sites, or unfamiliar pasture located 300 meters along edge from capture sites (Fig
2). We used a meter tape and compass to displace frogs along an axis from each capture

site that was perpendicular to the forest-pasture edge.
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Frogs were released onto a 1 x 1 m platform that was constructed with plywood
and divided in half and into four triangular quadrants with brown tape (Fig 1c). The
platform was placed so that one quadrant faced toward the forest-pasture edge according
to a compass heading taken along the edge, and the other three were oriented away from
the edge (see Fig 2). During trials, a frog was placed onto the center of the platform and
covered with a small opaque plastic enclosure for 90 seconds. We alternated placement
orientation of frogs under the enclosure during placement on the release platform (i.e.,
facing forest, parallel, or toward pasture). The plastic enclosure was lifted using a string
positioned over the platform and hung from a PVC frame so that the enclosure rose from
the center of the platform. Observers lifted the enclosure from a distance of 10 m. We
recorded the amount of time taken by each frog to leave the platform and scored the
direction of orientation in two ways, by recording the half (toward forest or away from
forest) and the quadrant crossed when the frog left the platform. Each quadrant was
assigned a specific label: “H” referred to the quadrant closest to the forest-pasture edge,
“A1” was the quadrant closest to the observer, “A2” the quadrant directly opposite H, and
“A3” the quadrant directly opposite Al. After leaving the platform, frogs were
recaptured and released within the collection zone. Temperature and humidity were

measured during each trial with a Kestral 3000 weather meter.

Statistical analyses
We analyzed recapture status using a logistic regression model. Recapture status
was the response variable and land-cover type, displacement distances, and the

interaction between land-cover type and displacement distance served as the independent
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variables. Movement times were compared between treatments with one-tailed t-tests in
which variances were not assumed to be equal because variances differed between
treatments even after transformation. Movement times from the laboratory experiment
were log-transformed to achieve normality. The number of hops per movement bout,
RH, temperature, and percent-change-in-mass were compared between treatments using
two-tailed t-tests. A logistic regression model with forward selection routine was used to
analyze the effects of displacement distance, land-cover type, SVL, placement
orientation, and temperature on initial orientation. We used the more conservative
quadrant score as the dependent variable. A general linear model was used to analyze the
effects of treatment and covariates on time taken to leave platform. Because time taken
by frogs to leave the platform was a non-normal variable, we analyzed log-transformed
times. All analyses were completed using SPSS 16.0. In addition, we described the
frequency distribution of nearest-neighbor distances between pairs of forest patches using
0.5 m resolution aerial photographs measured in ArcMap 10 (ESRI). We digitized six
2.5 x 2.5 km quadrats, which we located haphazardly on the study landscape so that they
did not overlap with continuous forest. We measured nearest neighbor distances between
edges of all pairs of forest patches within these quadrats. Forest patches were defined as

closed canopy groups of trees with diameters > 100 m.

RESULTS
Displacement experiment
After 10 surveys of the initial capture sites, we recaptured 64 (56%) of the 120

displaced individuals. We recaptured 42 of the 60 individuals displaced 20 m from

19



capture sites; of these, 20 individuals (67% of 30) had been displaced into forest and 22
(73%) into pasture. In comparison, we only recaptured 22 of the 60 individuals displaced
30 m from capture sites; 17 (57%) of these recaptured individuals had been displaced into
the forest and 5 (17%) were displaced into pasture. The full model showed a non-
significant relationship between recapture rates and land cover types (Table 1); however,
this effect was significant when the interaction term was dropped from the model (f =
0.838,df =1, P=0.036). The effect of displacement distance on recapture rates was
significant and there was a significant interaction between displacement distance and

land-cover type.

Movement performance

Statistical analysis showed that frogs from pasture moved more slowly than frogs
exposed to conditions in the forest (¢ = 2.604, df =22.379, P=0.008; Fig. 3). There was
no significant difference when comparing number of hops per bouts between treatments
(t=0.115,df=31.9, P = 0.455). Simple linear regression analysis also demonstrated no
relationship between time and body length (R’ = 0.01, P = 0.4897), and mean times did
not differ by sex (t =-1.379, df =14.688, P = 0.0943). Mean relative humidity measures
were significantly different between forest (X = 94.2%, S.E. = 0.91%, min = 86.7%, max
= 100%) and pasture (X = 63.1%, S.E. = 1.82%, min = 48.4%, max = 74.8%) land-cover
types (¢ = 16.844, df = 26.562, P =<0.0001). Difference in mean temperature was also
significant between forest (X = 28.6°C, S.E. = 0.16, min = 27.2, max = 29.8) and pasture
(X =37.5°C, S.E. = 0.51, min = 33.3, max = 42.0) land-cover types (¢ = 14.995, df =

23.032, P =<0.0001). Relative humidity measures were significantly different between
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inside and outside of the enclosures (t = 3.512, df = 34, P =0.0013) in forest study sites,
while for pasture sites measures were not significantly different (z = 0.265, df = 33.735, P
=0.793). Temperature measured inside and outside was not significantly different in
forest or pasture (t = 0.451, df = 33.359, P =0.655 and ¢t = 1.652, df = 34.017, P = 0.108).
Under laboratory conditions, frogs assigned to the high temperature-low humidity
treatment moved more slowly in movement trials than frogs assigned to the control (z =
3.815,df=30.7, P=0.001; Fig. 3). Percent change in mass during the experiment was
greater for frogs exposed to the simulated pasture conditions (X = 14.7%, S.D. = 5.6%)
than for frogs exposed to the control (X = 2.8%, S.D. =2.4%; t=9.069, df =41, P

<0.001).

Orientation experiment

Orientation direction was significantly affected by distance from forest-edge
collection zones (f =-0.031, df =1, P = <0.001) and land cover type (f =-0.592, df =1,
P =0.011; Fig 4a). Placement orientation, SVL, sex, and temperature did not enter the
model. There was a significant difference in mean time taken by frogs to leave the
platform (Corrected model F'=3.088, df =1, P = 0.001; Fig 4b). Frogs displaced into
forest took significantly longer to leave the release platform than frogs displaced into
pasture (F'=7.754, df =2, P = 0.001), while times were unaffected by distance from
collection zones (F = 0.271, df = 3, P = 0.846) and temperature (&' = 2.006, df=1, P =
0.159). The frequency distribution of nearest neighbor distances between pairs of
fragments showed that 82% of forest patches on the landscape were separated by more

than 50 m (Fig 5) Only 3% of forest patches were separated by 25 m or less.
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DISCUSSION

Amphibians may be especially susceptible to the effects of habitat loss and land-
use change because of their physiological traits and complex life cycles (Rothermel and
Semlitsch, 2002; Becker et al., 2007). The biphasic-life cycles of many amphibians are
often associated with seasonal migrations between terrestrial and aquatic resources, and
alteration of terrestrial habitat can influence landscape patterns of occurrence and species
richness (Pope et al., 2000; Semlitsh, 2008; Becker et al., 2007). While there is a paucity
of information on the dispersal tendencies of tropical amphibian species, many temperate
amphibians exhibit long-distance dispersal among local demes (Smith and Green, 2005).
There are currently no direct observations of O. pumilio dispersal; however, population
genetic data suggest moderate rates of gene flow occur between geographically distinct
sites (Wang and Summers, 2010). Long-distance dispersal in most tropical landscapes
would necessitate travel through agricultural areas with little cover and microclimates
that differ dramatically from forested habitats. Because amphibians tend to lose water
rapidly through skin when exposed to dry air (Wells, 2007), dispersing through pasture
could increase mortality rates and lower dispersal success among populations.

Our study suggests that O. pumilio experienced increased resistance to movement
in pastures in comparison to secondary forest. The results of the displacement
experiment showed a significant effect of the interaction between displacement distance
and land-cover type on recapture rates; the majority of recaptures from pastures were of
frogs displaced 20 m while proportions of recaptured individuals displaced 20 and 30 m
into forest were similar. It is possible that individuals displaced into pasture chose to

remain at the release site instead of returning to capture sites more often than frogs
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displaced into forest, potentially to avoid competition with frogs defending territories in
the forest. However, this scenario seems unlikely given that microclimatic conditions
frequently occurring in pastures can be detrimental to sustained activity and survival,
because temperatures can reach as high as 42 °C (this study) and longer exposure times
increase probability of mortality (Nowakowski et al., unpublished data). In addition, O.
pumilio are relatively uncommon in pastures, particularly in areas far from the forest edge
and where there are few remnant trees. The interaction between land-cover type and
distance most likely reflects a distance-dependent difference in landscape resistance
between secondary forest and pasture for O. pumilio.

One factor that may have contributed to differences in return rates from pasture
and forest is impaired movement ability resulting from heat stress of frogs exposed to
high temperature-low-humidity conditions that characterize pasture. Reduced movement
ability in pastures could have increased the amount of time displaced frogs were exposed
to inhospitable microclimatic conditions, which may have resulted in higher mortality
rates in pasture. Previous studies have demonstrated that extreme temperatures (high or
low) reduce movement performance in amphibians (Putnam and Bennett, 1981; Miller,
1982) and that mortality rates can differ between forested and open habitats (Rothermel
and Luhring, 2005; Rittenhouse et al., 2008). Lower return rates could also be explained
by higher rates of predation in pastures, where predator assemblages presumably differ
from those found in forest. When field temperatures and humidity conditions were
simulated in the laboratory, movement times were similar to those observed during field

trials and weight loss was greater under simulated pasture conditions than in the control,
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which supports our assumption that microclimate influenced differences in movement
times observed during field experiments.

The perceptual range of an organism or its ability to detect cues associated with
habitat may determine dispersal success through novel habitats by influencing search
times and thereby the amount of time individuals experience risks associated with
disturbed habitats (Lima and Zollner, 1996; Belisle, 2005; Knowlton and Graham, 2010).
Little is known about perceptual ranges in amphibians, despite the potential importance
of this parameter in models of behavioral landscape ecology (Lima and Zollner, 1996).
Evidence suggests that some amphibians use fine-scale cues, such as olfaction, substrate
cues, microclimate, or vegetation cues to orient toward and select habitat and therefore
may have generally limited perceptual ranges (McGregor and Teska, 1989; Rittenhouse
et al., 2004). While some species may also use celestial or magnetic cues during
dispersal and migration (Sinsch 2006), this form of navigation is not likely to aid in fine-
scale habitat selection or avoidance of potentially inhospitable land-uses. Orientation in
amphibians has been experimentally examined in some temperate species to determine if
habitat alteration causes changes in migration behavior. These studies demonstrated that
travel routes tend to be strongly directional towards forest habitat and away from open
habitat such as pastures and roads (Gibbs, 1998; Mazarolle and Desrochers, 2005;
Rittenhouse and Semlitsch, 2006), suggesting that adults may learn favorable migration
routes that exclude disturbed habitats.

We found that initial orientation toward capture cites was non-random in
disturbed habitat but not in natural habitat. Differences between undisturbed and

disturbed habitats, in this case forest and pasture, were likely attributable to differences in
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motivation; frogs displaced into pasture may have perceived greater risk and were more
motivated to return to forest habitat. This explanation is supported by our findings that
frogs displaced into forest consistently spent more time on the release platform than frogs
displaced into pasture. In addition, there was an effect of displacement distance on
orientation direction for frogs displaced into pasture but not into forest. If frogs displaced
into forest were motivated to return to capture sites, but were unable to orient at greater
distances because of attenuation of homing cues, we would have still expected to see
non-random orientation at the 25 m distance on the basis of results from our initial
displacement experiment. We also show that frogs displaced into pasture were unable to
orient toward forest beyond a distance of 50 m, which likely represents a limit in
perceptual range for O. pumilio.

The landscape in Sarapiqui Costa Rica is highly dynamic and supports an
impressive diversity of amphibians. While natural forests cover approximately one-third
of the region, it is extensively fragmented and remnant forest patches are predominantly
surrounded by a transitional matrix of pasture and cultivated lands (Sesnie et al. 2008).
In our study system, there is variation among species in sensitivity to habitat
fragmentation effects, with O. pumilio exhibiting moderate sensitivity compared to other
species (Bell and Donnelly 2006). Despite the absence of data on physiological
tolerances, O. pumilio is generally considered to be somewhat robust to habitat alteration
because of reports that populations can attain high densities in secondary forest and
abandoned cacao plantations (Savage 2002, Whitfield et al. 2007). However, this species
is quite uncommon in prevalent land-uses such as pastures and heart-of-palm plantations

and may be absent in fragments surrounded by intensive agriculture (Nowakowski et al.,
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Kurz et al., unpublished data) suggesting that some land-uses are distinctly inhospitable
for O. pumilio.

The configuration of remnant forest in our study area represents a scenario in
which most nearest-neighbor fragments in relation to a given focal patch are beyond the
perceptual range of O. pumilio and possibly other species of amphibians (Fig 5). For
inter-patch movement to occur, frogs must often travel across a matrix in which the
probability of return was lower for displaced O. pumilio, movement performance was
reduced, and individuals were unable to orient towards habitat at distances greater than
50 m from forest edge. This information could help guide active reforestation and
corridor efforts in the region. Specifically, experimental results reported here can serve
to parameterize individual-based and graph-theoretic models of landscape connectivity
(Belisle and Desrochers, 2002; Stevens et al., 2006; McRae et al., 2008) that could in turn
be used to evaluate the effects of alternative land-use scenarios involving forest-pasture
configuration on amphibian populations.

Increasingly, researchers are recognizing the importance of connectivity in
modulating the effects of habitat loss and fragmentation in terrestrial systems (Ricketts,
2001; Watling et al., 2011). However, in the tropics, we currently lack a basic
understanding of the effects of common land-uses on amphibians, which will hinder the
development of effective conservation strategies targeting amphibian communities in
these rapidly changing landscapes (Gardner et al., 2007b; Shanker and Ganeshaiah,
2010). Successful species conservation in the Neotropics will likely depend on the ability
to incorporate human-land uses into recovery and management plans (Ranganathan and

Daily, 2007). Initiatives that target networks of habitat and aim to restore connectivity
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within landscape mosaics will need to consider the relative resistance of widespread land-
uses to geneflow and dispersal, and the role of behavior in processes that allow for the
establishment and persistence of variants within populations (Mouquet and Loreau, 2003;
Ronce, 2007; Semlitsch, 2008). Our results show that pasture, a predominant land-use in
the Sarapiqui region of Costa Rica, likely acts as a semi-permeable dispersal barrier

between patches of forest habitat for O. pumilio.
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Table 1.1. Parameter estimates from binary-logistic regression analysis where recapture

rates were entered as the dependent variable, and land cover type, displacement distance,

and the interaction between landcover and displacement distance are independent

variables.

Term Estimate (P) SE Chi’ P
Constant 5.417 0.062 13.77 <0.001
Distance -0.231 2.063 2.73 <0.001
Land-cover type -3.41 0.082 4.29 0.098
Land-cover type x distance 0.171 1.511 12.85 0.038
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Figure 1.1. A) Forest-pasture edge at one of the study sites where displacement

experiments were conducted in Sarapiqui, Costa Rica. B) An adult Oophaga pumilio. C)

The release platform used during orientation experiments.
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Figure 1.2. Design schematic for displacement experiments. Experiment in which return
rates were measured is represented on the left; individuals were displaced either 20 or 30
m from capture sites. The orientation experiment involved displacing individuals from
the boundaries of the collection zone adjacent to each capture site into forest (F), adjacent

pasture (AP), or novel pasture (NP). Boxes represent release platform.
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Figure 1.3. Boxplots display median, interquartile range, range, and outliers for travel

times of O. pumilio following exposure to microclimatic conditions found in forest and

pasture and under laboratory conditions.
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Figure 1.4. Proportion of displaced individuals orienting toward the forest edge was
significantly affected by land-cover type and distance (A). Vertical solid line represents
the collection zone and the horizontal dashed line represents the expected random
probablity of orienting toward the edge (0.25). Mean time taken to leave release platform
(B) was significanlty different for frogs displaced into forest, adjacent pasture and novel

pasture. Error bars represent the standard error.
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Figure 1.5. Frequencies of nearest neighbor distances of forest fragments within a 37.5
km? area on the study landscape. Distances were measured from fragment edges using
aerial photos. Fragments were defined as closed-canopy patches of trees with a diameter
> 100 m. Arrow indicates the distance class (26-50 m) at which returns rates and

orientation ability were reduced in pastures.
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III. CHAPTER 2: EVALUATING CONNECTIVITY FOR TWO TROPICAL
AMPHIBIANS USING EXPERIMENTALLY PARAMETERIZED RESISTANCE
SURFACES

ABSTRACT

Agricultural expansion continues to drive forest loss in species-rich tropical systems, and
often disrupts distributions and movement of organisms. The ability of species to occupy
and move through altered habitats likely depends on the level of contrast between natural
forest and surrounding land uses. Connectivity models, such as circuit theory models, are
widely used in conservation biology, and their primary input consists of resistance
surfaces representing relative movement costs associated with landscape features. Cost
values are most frequently determined by expert opinion which may not capture relevant
levels of contrast among features. Here, we parameterized resistance surfaces using
experiments that represent different local mechanisms hypothesized to affect connectivity
for two neotropical amphibian species. We used relative abundance data in three land
uses to generate independent resistance surfaces for evaluating the level of agreement
between current-density maps derived from experiments and survey data. Consistency
among movement pathways predicted for each species and among three commonly used
connectivity measures was also analyzed. We found that microclimates associated with
altered habitats significantly affected desiccation risk and survival for both species.
Resistances estimate from microclimate experiments were concordant with those from
survey data for both species. For one focal species, resistance estimates based on predator
encounter rates were also highly correlated with abundance-derived resistance estimates.

There was generally low agreement among estimates from different connectivity models,
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which underscores the importance of choosing models that best fit stated objectives or
hypotheses. Overall, similarity among linkages modeled for each species was high, but
decreased with amount of forest cover. Our results highlight the value of experiments for
drawing inferences about processes in resistance modeling as well as the need to consider
model differences and species-specific responses to landscapes when developing

strategies to maintain connectivity.

INTRODUCTION

Human-population growth continues to drive deforestation and agricultural
expansion in species-rich tropical ecosystems (FAO 2009). The common result is
widespread loss and restructuring of habitat from once continuous forests into mosaics of
remnant forest and anthropogenic land uses. These land uses vary in their habitat
suitability and permeability for native organisms (Kupfer et al. 2006, Watling et al. 2011,
Driscoll et al. 2013). Suitability and permeability likely depend on the level of contrast
with natural forest in the amount and structure of remnant-native vegetation, composition
of predator and parasite communities, microclimate, and availability of reproductive
resources (Fischer and Lindenmayer 2007, McKenzie 2007, Felton et al. 2010, Karp et al.
2012). Measurement and integration of key variables that underlie habitat contrasts for
focal organisms will help improve models of fragmented populations in complex
landscapes (Biswas and Wagner 2012).

The disruption of natural flows of individuals and resources across the landscape
is a major consequence of land-cover change and the associated contrast among forest

and non-forest habitats. Landscape connectivity has emerged as a key concept in
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conservation biology, landscape ecology, and population genetics, because the interaction
between landscape structure and species responses drives ecologically and evolutionarily
important processes (Kool et al. 2013, Manel and Holderegger 2013). Among these
processes, dispersal of individuals and geneflow are considered crucial for maintaining
genetic diversity of local populations, allowing populations to respond to changing
environments, and lowering risk of inbreeding depression and extinctions that translate to
species loss at the community level (Frankham et al. 2002, Campbell Grant et al. 2010,
Eklof et al. 2012).

However, major challenges remain related to the characterization of connectivity,
understanding its effects on population and community structure, and the application of
research findings to the design of corridors and reserve networks (Beier et al. 2008).
These challenges include identifying appropriate methods for measuring connectivity and
linking processes at local scales to landscape-scale patterns. Connectivity is most often
evaluated at the landscape level using patch-derived or landscape metrics (Watling et al.
2011, Fahrig 2013), individual-based simulations, or graph theory-derived models (Urban
and Keitt 2001, McRae and Beier 2007). Implementation of the graph-theory family of
models often involves the use of resistance surfaces, which has become a fundamental
approach in landscape genetics studies and forms the input for least-cost path and circuit-
theory models (Adriaensen et al. 2003, McRae et al. 2008).

Resistance surfaces provide a critical link between information on landscape
configuration and species-specific responses to landscape features (Adriaensen et al.
2003). Typically, resistance surfaces consist of raster grids in which individual cells are

assigned costs values that represent the degree to which landscape features impede or
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conduct the movement of individuals (Spear et al. 2010, Zeller et al. 2012). In addition to
explaining patterns of movement and population structure in relation to landscape
features, resistance surfaces can also represent specific mechanisms hypothesized to
affect connectivity (Spear et al. 2010). Evaluating the importance of local mechanisms
could help strengthen connectivity models and interpretation of landscape-scale studies
(Stevens et al. 2006).

An important challenge associated with the use of resistance surfaces is the
assignment of non-arbitrary weights to individual cells. Most studies to date have relied
on expert opinion to parameterize cost surfaces, while others have used empirical
methods, including radio telemetry data, field surveys, and population genetic parameters
(Zeller et al. 2012). However, few studies have employed experimental methods to
derive cost values for resistance surfaces, despite the potential for evaluating specific
mechanisms underlying connectivity (Stevens et al. 2006).

Population and community-level effects of landscape connectivity are the
aggregate results of local interactions between individual organisms and their
environment that scale up to landscape-level patterns of distributions and gene flow.
Connectivity is dependent upon species-specific physiology, motility, behavior, and
trophic level as well as interactions with multiple biotic and abiotic features of the focal
landscape (Cushman et al. 2011, Baguette et al. 2012, Nowakowski et al. 2013).
Therefore, focus on potential underlying mechanisms should be informed by existing
taxon-specific information. We focus here on amphibians, a group for which a high
proportion of species are threatened with extinction and habitat loss is the most

frequently identified cause of declines (Vié et al 2009). Because amphibians are small-
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bodied, have permeable skin and typically exhibit low vagility (Smith and Green 2005,
Wells 2007), they may be exceptionally vulnerable to land-use change and the
consequent loss of connectivity among remnant populations.

We used field experiments to measure the relative costs associated with five local
mechanisms that may be important determinants of landscape resistance of forests,
pastures, and heart-of-palm plantations to amphibian movement in northeastern Costa
Rica. For two common species of anuran, we measured desiccation risk and associated
mortality, predation risk, physical resistance of substrates to movement, and behavioral
choice of substrates associated with each land-cover type. We used the response ratios
from these experiments to parameterize resistance surfaces for six landscapes in
northeastern Costa Rica that were then used as input for connectivity models. Relative
abundance data for the focal species in the three land-cover types were used to generate
resistance surfaces for evaluating independent support of each experimentally
parameterized resistance surface.

Our primary objectives were to 1) develop cost surfaces that represent local
mechanisms or sets of mechanisms that may affect landscape resistances for two
amphibian species, 2) evaluate resistance models using an independent dataset for future
downstream analyses of gene-flow rates, population-genetic structure, and community
structure in this system, 3) examine the relationships among ecological distances derived
from Circuitscape models, least-cost paths, and Euclidean distances to determine the
level of agreement among these commonly used measures of connectivity, 4) analyze the
extent of overlap between predicted movement pathways for the focal species,

information useful for multi-species corridor design, and 5) from these analyses, draw
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inferences about land uses and local processes that likely affect connectivity for

amphibian populations in tropical agro-landscapes.

METHODS
Study Area and Species

All fieldwork for this study was conducted between January 2010 and August
2012 in Sarapiqui canton of northeastern Costa Rica. The dominant natural habitat type in
the region is tropical lowland wet forest and the climate is characterized by a mean
annual temperature of 25 °C and over 4 m of annual rainfall (Sanford et al. 1994, Savage
2002). Since the 1950s, much of the forested area has been fragmented and converted to
pastures and other types of intensive agriculture (Butterfield 1994, Sesnie et al. 2008).
Forest still covers approximately 30% of the landscape, while pastures are the most
prevalent human land use. Other common agricultural schemes include banana,
pineapple, and heart-of-palm (palmito) production. We conducted our experiments at La
Selva Biological Station and at replicate sites in the surrounding landscape that each
contained areas of adjacent forest, palmito, and pasture (Fig 1). We chose to work in
pasture and palmito because these represent two common land uses that differ in
vegetation structure and abiotic conditions. Pastures are characterized by thick cover of
non-native grasses and scattered remnant trees (Robinson et al. 2013). Palmito consists of
monocultures of Bactris gasipaes palms maintained in rows and at heights of approx. 2
m; groundcover usually consists of palm fronds, bare soil and occasional herbaceous

COVCr.
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Our focal species were common leaf litter frogs, Oophaga pumilio and
Craugastor bransfordii. Oophaga pumilio in this region has red and blue coloration; the
species possesses alkaloids in the skin that function in predator defense (Saporito et al.
2007a). The reproductive strategy of O. pumilio involves deposition and fertilization of
eggs in the leaf litter where tadpoles hatch and are transported on the back of the female
to phytotelm-rearing sites, such as bromeliads (Limerick 1980). The female later returns
to rearing sites to deposit unfertilized eggs as food for developing tadpoles (Brust 1993).
The species is common and is dependent upon forest resources for reproduction
(Donnelly 1989), but does occur to a lesser extent in some disturbed habitats, such as
pastures with remnant trees (Kurz et al. 2014, Robinson et al. 2013). Craugastor
bransfordii is a small brown frog that forages and reproduces in the leaf litter (Savage
and Emmerson 1970). Eggs are deposited in the leaf litter and undergo direct
development. Craugastor bransfordii is also very common in forest habitats and can be
found at modest abundances in palmito, but is rarely observed in pastures (Kurz et al.

2014). Both species are considered diurnal (Guyer and Donnelly 2005).

Field Experiments and Surveys

To examine major components of landscape connectivity for amphibians,
including habitat-specific desiccation risk and associated survival, resistance of substrates
to movement, behavior, and predation risk among land uses, we conducted four
experiments. The first experiment was designed to measure water loss and survival of
frogs exposed to microclimatic conditions associated with forest, palmito plantations, and

pastures. For each trial in the experiment, we placed nine frogs (three in each land use)
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into individual enclosures for a one-hour period. Enclosures were placed at random
distances and compass headings from the edge, while ensuring that enclosures within the
same land use were placed at least ten meters apart from each other and at least 20 m
from the forest edge. In the study system, vegetation structure in forest is not strongly
influenced by distance to the edge and forest-land use transitions tend to be very abrupt
(Fig. 1; Schedlbauer et al. 2007). Enclosures were constructed out of light-wire mesh
rolled into cylinders measuring 45 cm tall and 15 cm in diameter (e.g., Rittenhouse et al.
2008). Grey window screen material was attached to the top of the enclosures using
staples, while the bottom end of the enclosure was buried to approximately 5 cm into the
ground. Ground cover (e.g., grass, leaf litter, debris) found directly adjacent to the
enclosure was replaced at the bottom of each cage. Frogs were captured 12-24 hours prior
to the start of experiments and kept individually in plastic containers with moist leaf litter
in shaded, ambient conditions. The mass of all frogs was measured at the beginning and
end of the trial in the field using an Acculab PP-62 digital scale and survival was
recorded at the end of each trial. Trials were conducted at 4 replicate sites, on 16
different days, during morning and afternoon hours, and under a range of weather
conditions to ensure that results are representative of the variation in climatic conditions
that typically occurs in the region. We measured temperature and humidity inside each
enclosure using ibutton Hygrochron sensors (Maxim Integrated Products).

A second experiment gauged the physical resistance to individual movement
offered by common substrates found in each land use. Inside a shade house at La Selva
Biological Station, we constructed 2 x 0.5 x 0.5 m experimental arenas from particle

board. The bottom of each arena was covered with a plastic sheet and then covered with
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a ~10 cm-thick layer of substrate collected within four replicate forests, pastures, and
palmito plantations. Substrates were collected from the top 10 cm of soil and included
leaf-litter and ground cover (fine debris and plants <15 cm tall). Within each replicate
land use substrates were collected from 3-4 randomly located points and transported to
the shade house in plastic storage containers. For a given set of trials, we collected 15
frogs each for both species from secondary forest, and 5 individuals of each species were
randomly assigned to a substrate type. Trials consisted of releasing a frog at one end of
an arena and recording the time taken to traverse the length of the arena. A standardized
stimulus was applied using a moveable wall. Every time the individual being tested
stopped for 3 seconds, the wall was advanced to a point just behind the frog, without
touching the frog. This method ensured that motivation was standardized across
individuals and treatments (e.g., Stevens et al. 2004). However, a subset of trials was also
conducted by naive observers (individuals not familiar with the study) to evaluate the
potential for observer bias. Substrates were changed four times over the course of the
experiment and all individuals were tested only once. The assignment of substrates to a
given arena and the assignment of individual frogs to treatments were randomized.

A third experiment measured behavioral choice between forest substrates and
substrates commonly encountered within pastures and palmito. These experiments were
conducted in small chambers within a shade house using substrates collected from the
upper 5-10 cm of soil (i.e., soil, litter and ground cover) found in randomly-located areas
within pasture, palmito plantations, and forests. We used plastic storage containers as
choice arenas (33 x 24 x 13 cm). Each experimental arena was divided at the center

using a 6 cm tall partition, and held two substrates on either side of the partition, from
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forest and either palmito or pasture land-uses. Both sides of the arena were sprayed with
equal amounts of untreated well water to ensure that frogs were responding to the
substrates themselves as opposed to moisture gradients. A strip of cardboard (24 x 6 cm)
was placed width-wise on top of the substrates, in the middle of the arena, and used as a
release platform. Individuals were randomly assigned to treatments. Cardinal orientation
of arenas was alternated among replicate arenas so that there was not a directional bias
associated with any given substrate. Before the start of each trial, frogs were placed,
facing parallel to the center line of the arena, under a plastic cup on the release platform,
for a five-minute acclimation period. The cups were then raised, and individuals were
released at the center of the chamber and substrate choice was recorded initially and then
every 15 minutes for 75 total minutes. Choice was scored as the substrate a frog was
found on, and individuals found on the release platform were recorded as no choice.

We conducted a fourth experiment to test whether predator encounter rates
differed by land-cover type and species. To obtain an index of predator encounter rates
for each treatment, we employed a tethering experiment, a standard method for assessing
predator encounters commonly used in marine ecology studies (Aronson et al. 2001,
Hammerschlag et al. 2010). While this method does not provides estimates of actual
predation rates, as prey are not able to use their entire suite of anti-predator behaviors, it
does provide an estimate of encounter rates, which can reflect habitat-specific predator
abundances or differences in prey detection. We conducted trials in four replicate areas
that each included a forest remnant, palmito plantation, and pasture (Fig. 1). We
established transects within each land-use type, located at least 25 m from and running

parallel to the forest edge. Along each transect we tethered six frogs, three O. pumilio
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and three C. bransfordii, alternated at intervals of 10 m along the transect. The species
tethered at the start of a transect was randomized. Frogs were tethered around the waist
with 75 cm of black-sewing thread attached to a small wooden stake inserted into the
ground. Individuals were randomly assigned to treatments. Trials were conducted for 16
hrs, from 16:30 h to 08:30 h to reduce the risk of heat-stress and dehydration. A
conservative score of predator encounters was used that included only animals remaining
tethered that had visible injuries likely resulting from predation attempts. Any animals
missing at the end of a trial were excluded from the dataset. Individuals from all
experiments were released at their original capture sites following the trials.

Field survey data were collected in June-August, 2011 at ten sites near La Selva
Biological Station in Sarapiqui, each consisting of a forest fragment and adjacent pasture
or palmito plot. Detailed methods and results are described in Kurz et al. (In Press).
Briefly, 50 m long transects were established in forest adjacent to pasture, forest adjacent
to palmito, pasture and palmito plots and searched for reptiles and amphibians. Transects
were searched for 25 min, and half of all transects were searched at night and the other
half during the day. Oophaga pumilio and C. bransfordii were the two most commonly

encountered species on forest transects.

Statistical analysis of field experiments

To analyze the effects of temperature and land-use type on water loss and survival
we used generalized linear mixed effects models (GLMM) with a binomial distribution
(Zuur et al. 2009). Water loss was calculated as the proportional change in mass of each

individual measured at the start and end of a trial. These values were arc-sine transformed
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prior to analysis. Survival was coded as a binary response (alive or dead). Site was
included as a random effect in the model. Fixed effects included species, sex, SVL
(snout-vent length), temperature, and land-use type. A binomial GLMM was used to
analyze predator removal probabilities, where predator encounters for each individual
(encounter or no encounter) were the binary responses, site was a random effect, and
species, land-use type, and total duration of the trial were included as fixed effects.

We analyzed mean travel times in substrate-resistance experiments using a
general linear model that included land-use type, species, SVL, and sex as explanatory
variables. A stepwise routine was used for variable selection and post-hoc comparisons
were made using Tukey’s HSD test. Binomial tests were used to analyze choices of
substrates between forest and pasture or palmito. All analyses were conducted using the

R v.2.15.1 (R Development Core Team, 2012).

Circuitscape and Least-cost path models

To compare resistance estimates obtained from experimental data to those derived
from survey data, we used Circuitscape v3.5 to model landscapes as electrical circuits,
movement as current flowing through the circuit, and to generate current maps (McRae
and Shah 2009). Current maps represent variation in current densities along multiple
pathways that predict net movement probabilities based on multiple random walks
(McRae et al. 2008). We first produced resistance surfaces for six-25 km?” landscapes in
Sarapiqui, Costa Rica using 30 m resolution land-cover rasters from 2001 (Sesnie et al.
2008). Land cover grids were reclassified by assigning weights to each land-cover type

derived from response ratios calculated for experiments and for survey data. Response
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ratios for water loss, survival, predation, and substrate resistance experiments were
calculated by dividing the mean responses in palmito and pasture by responses in forest,
because greater response ratio values for these experiments are expected to be associated
with increased resistance. Conversely, response ratios for survey data and the substrate
choice experiment were calculated by dividing responses in forest by those in each land
cover type, because we assumed lower resistance of forest habitat and that greater
abundances and preferences reflects lower resistance. Forest, palmito, and pasture
covered 80-94% (mean = 86.2%) of the focal landscapes. We assigned cost values to the
remaining land cover types on the basis of their structural similarity to measured land
cover types (e.g., presence or absence of mid-story and canopy vegetation). Potential
error associated with this approach should have negligible influence on the analysis,
because unmeasured land uses represent a relatively small area of the focal landscapes,
and the weighting scheme was standardized across all landscapes and comparisons.

To evaluate experimentally parameterized resistance surfaces, we generated a
total of 72 cost surfaces, representing each [parameter source] x [species] x [landscape]
combination, which were converted to ASCII format for input into Circuitscape v3.5
(McRae and Shah 2009). We modeled connectivity between two focal forest fragments in
each landscape. Cell values were coded as resistances; higher values indicated greater
costs associated with dispersal. Graphs were constructed by connecting focal cells to
eight neighboring cells on the basis of average resistance values.

Correlations between map grid cell values were used to assess the level of
agreement between experimentally derived resistance estimates and resistance estimates

derived from survey data. Grid-cell values corresponding to focal fragments were deleted
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from the datasets prior to analyses to eliminate the influence of fragment size on
correlation coefficients; we were solely interested in evaluating landscape resistances
surrounding focal fragments. We compared current maps by estimating bootstrap
correlations from 1000 bootstrap samples of cell values from each experiment-derived
current map. We then modeled the fixed effects of experiment type (e.g., predation risk
or desiccation risk, etc.), amount of forest cover on the landscape, and species identity on
current map correlations using a GLMM implemented with package glmmPQL in R
v.2.15.1 (R Development Core Team, 2012). Landscape was entered as a random effect.
Correlation coefficients were squared prior to analysis. A quasibinomial distribution was
specified because the response consisted of values ranging between 0 and 1, and the
variable was under-dispersed (i.e., variance was lower than expected, given the mean;
Quinn and Keough 2002, Zuur et al. 2009).

We also combined resistance surfaces that represented combinations of local
mechanisms. We combined the top two and three local mechanisms that individually had
the highest correspondence with survey-derived resistance estimates. A modified meta-
analytic weighted mean was used to combine response ratios. We used the inverse of the
variance of the map correlations across landscapes for each mechanism to weight effect
sizes, because this measure of variance reflects sensitivity to landscape configuration and
is not affected by different experimental methods and response types.

To compare resistance distances and accumulated least cost path distances
derived from circuit theory and LCPA, respectively, we parameterized cost surfaces for a
1800 km? landscape using response ratios from survey data, because we considered

relative abundances to be our best empirical index of resistance. We generated 20 random

52



points on the landscape and modeled pairwise resistance values and accumulated least
cost distances among all points for both O. pumilio and C. bransfordii. We also
calculated Euclidean distances among all points to compare with resistance-derived
measures of distance. Significance of associations between each combination of distance
measure was assessed using Mantel tests.

Finally, we analyzed overlap between predicted corridors for both species. We
modeled potential corridors between two focal forest fragments in six replicate 25 km?
landscapes using the ArcGIS toolkit Linkage Mapper (McRae and Kavanagh 2011). We
used survey data to parameterize resistance surfaces used as input for Linkage mapper,
which identifies least cost corridors delineated using cost-weighted distance surfaces. We
limited the modeling space by designating 500 m radii bounding circles around each
fragment. Modeled corridors were also clipped to a 500 m maximum width; this is an
order of magnitude greater than the typical home range of O. pumilio (Donnelly 1989b),
and we assume that this width is greater than the typical home range of C. bransfordii
(see recommendations in Beier et al. 2008). Finally, we calculated the percent overlap of
modeled corridors between species to quantify the degree of correspondence between

species-specific linkages.

RESULTS

During microclimate exposure trials, the proportional weight loss for O. pumilio
was 0.032 £+ 0.022 (mean =+ SD) in forest, 0.085 £ 0.06 in palmito, and 0.109 + 0.08 in
pasture. For C. bransfordii, mean proportional change in weight was 0.024 + 0.03 in

forest, 0.097 + 0.082 in palmito, and 0.091 £ 0.091 in pasture. Temperature was a highly
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significant variable in the GLMM analyzing proportional change in weight, while all
other variables were non-significant (Fig 2a; Table 1). When temperature is dropped
from the analysis, land cover type is marginally significant at a=0.05 (Table S1). Mean
temperatures across all trials were 26.8 £ 1.8 in forest, 31.3 + 4.7 in palmito and 32.7 +
5.4 in pasture. All individuals survived one-hour exposure trials in forest. In palmito,
87.5% of O. pumilio individuals and 74.1% of C. bransfordii individuals survived the
duration of the trial. In pastures, 75.8% of O.pumlio and 66.7% of C. bransfordii
survived. Temperature during microclimate exposure trials was a highly significant
predictor of survival probability (Fig 2b; Table 1). Survival was also positively
associated with SVL; however, all other variables were non-significant.

We conducted a total of 109 and 92 substrate movement trials for O. pumilio and
C. bransfordii, respectively. For O. pumilio, the mean movement times across substrates
were 39.4 £ 17.3 s in forest, 37.5 + 14.1 s across palmito substrates, and 62.7 +21.7 s
across pasture substrates (Fig 3a). For C. bransfordii, mean travel times were 40.6 = 19.6
s across forest substrates, 41.0 + 14.8 s for palmito, and 71.2 + 36.3 s for pasture
substrates. For trials conducted by naive observers (n = 30), results were similar to those
obtained by primary observers (Table S2). So, we included these trials in the final dataset
reported here. In the global GLM that included species, sex, SVL, and treatment,
treatment was the only significant factor affecting movement times (P <0.05; Table 2).
Treatment was the only variable retained in the model following stepwise selection.
Multiple comparisons showed that there was no significant difference between forest and
palmito times (P =0.999), but movement times across pasture substrates were

significantly slower than across forest and pasture substrates for both species (P <0.001).
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Binomial tests showed no significant differences in preference for forest, pasture or
palmito substrates for either species (P > 0.05 for all comparisons; Table S3).

No O. pumilio were killed in forest by predators, whereas 12% (4 out of 33) were
killed in palmito, and 6% in pastures. For C. bransfordii, we recorded predator
encounters for 21% of individuals in forest (7 out of 33), 18% in palmito, and 18% of
individuals in pasture. Land cover type and time tethered were not significant factors in
the model; however, probability of predator encounter did differ between species (Fig 3b;
Table 2).

We analyzed agreement between resistance estimates derived from experimental
data and field surveys using bootstrapped correlations of grid cell values. Main effects of
the GLMM indicated that map correlation coefficients for mortality, water loss, and
movement were significantly greater than those for behavior, which had the lowest
correlation with estimates from survey data (Fig 4; Table 3). The main effect of species
was also significant, but there was no effect of forest cover on map correlations. We
present model results that include interactions between species and experiment type,
which were significant for movement and predation experiments (Table 3). However, all
main effects that were significant remained so after dropping interaction terms from the
model (Table S2).

For O. pumilio, there were significant correlations between Euclidean distance
and LCPA distances (Fig. 5; Mantel » = 0.636, P = 0.001) and between LCPA distances
and resistance distance (Mantel » = 0.664, P = 0.001), but correlation between resistance
distances and Euclidean distances was not significant (Mantel » -0.021 = P = 0.495). For

C. bransfordii, Euclidean distances were also correlated with LCP distances (Mantel » =
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0.433, P=10.001), but not resistance distances (Mantel » = 0.094, P = 0.278). Resistance
distances and LCP distances were strongly correlated (Mantel » = 0.806, P = 0.001). The
mean overlap between predicted species corridors was 83.5% + 10.8%, and percent

overlap increased with forest cover.

DISCUSSION

Here we develop multiple resistance surfaces using an experimental approach to
derive relative cost values and validate our connectivity models using an independent
dataset. We distinguish among local-scale mechanisms that are hypothesized to affect
habitat selection and movement rates of migrant amphibians across different land cover
types, finding that resistance estimates derived from measurement of desiccation risk and
associated mortality were consistent with resistance models obtained from survey data for
both species. We also compare pairwise accumulated cost distances and resistance
distances with pairwise Euclidean distances among random points on the landscape, as
these are three commonly used measures of inter-patch connectivity. These metrics did
not exhibit consistent positive relationships, which has implication for their use in
connectivity research and choice of connectivity metrics for conservation planning. There
was moderate-to-high overlap between individual species corridors, and overlap
increased with forest cover. Therefore, it will be even more important to consider
species-specific responses to matrix elements when planning corridors in areas with low

forest cover.
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Experimental assessment of mechanistic connectivity

Amphibians, as a group, are of critical conservation concern because one-third of
species are threatened with extinction and even common species are experiencing
population declines (Adams et al. 2013, Vié et al 2009, Whitfield et al. 2007).
Amphibians may be particularly responsive to changes in the amount and configuration
of habitat because they typically exhibit limited vagility, small body sizes and high
sensitivity to microclimatic variation. Among the local factors that mediate population
responses to land use change, migrant mortality may be a key parameter determining
connectivity (Eklof et al. 2012, Griffiths et al. 2010), and desiccation and thermal stress
are likely important causes of amphibian mortality in human-modified habitats
(Rothermel and Luhring 2005, Rittenhouse et al. 2008). We observed higher
temperatures in pastures and palmito plantations than in forest that were in turn
associated with greater desiccation risk and decreased survival (Fig 2).

Our results suggest that land uses with little vegetation cover and relatively
warmer, drier microclimates can represent significant dispersal barriers for amphibian
species in Sarapiqui. These results are consistent with previous work that found
decreased return rates for individuals displaced 30 m into pasture in comparison to the
same distance into forest, as well as reduced movement performance associated with high
temperatures in pastures (Nowakowski et al. 2013). It is possible that individuals may
initiate dispersal during heavy rain events or at night to avoid desiccation. However,
most distances among forest patches are greater than 200 m in the study landscape, which
almost ensures that for long-distance dispersal to occur, individuals will encounter

microclimatic conditions measured during our experiments. Whether dispersal success is
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reduced by increased mortality of migrants or by reduced number of dispersal attempts,
altered habitats will likely increase isolation of local populations.

Risk of desiccation and mortality associated with heat stress may contribute to
behavioral avoidance of open or dry habitats following forest conversion (Cosentino et al.
2011). For example, in temperate regions, radio-tagged adult Ambystoma maculatum
avoided open grasslands adjacent to forests (Rittenhouse and Semlitsch 2006), and
juvenile A. maculatum and Anaxyrus americanus oriented toward forest when leaving
experimental pools located on forest-field edges. In our study area, previous experiments
showed that O. pumilio tended to orient towards forest habitat when displaced into
pasture, presumably using cues that attenuated at distances greater than 25-50 m
(Nowakowski et al. 2013). Given that amphibians likely have limited perceptual ranges,
they may use fine-scale information, such as substrate cues, for habitat selection during
migrations (Rothermel 2004, Rittenhouse et al. 2004). Janin et al. (2012) found that adult
Bufo bufo avoided substrates associated with plowed fields and individuals placed on
plowed substrates had higher cortecosterone concentrations than those on forest and
meadow substrates. While C bransfordii and O. pumilio did not exhibit strong
preferences for specific substrates during our experiments, lack of substrate preference
does not preclude the possibility that behavior is an important factor mediating
connectivity in the study system. It is possible that use of substrate cues is scale-
dependent (our enclosures were relatively small), or that these species focus on other cues
that allow them to select suitable habitats, such as canopy closure, microclimatic

variation, or refuge availability.
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Substrate type was an important determinant of movement speeds through
experimental arrays. We tested the physical resistance to movement associated with
common substrates from each land-use type and found that thick grasses that dominate in
pastures resulted in significantly slower movement speeds in comparison to forest and
palmito substrates (Fig 3a). Similarly, Semlitsch et al. (2012) found that Plethodon
metcalfi individuals tended to move more slowly across grass substrates when compared
to other substrates found in anthropogenically-modified habitats. Migrating individuals
may experience variation in energetic costs when traveling through different matrix
types, Relative difficulty of moving across pasture substrates likely translates to increased
energy expenditures and increased time exposed to inhospitable microclimatic conditions.
Presumably, higher energetic costs associated with moving across pasture grasses in
Sarapiqui could result in lower dispersal success, decreased dispersal distances, or
increased avoidance of pastures.

Finally, predator guilds, such as bird, mammal, insect, and arachnid assemblages
differ between forest and adjacent human land uses (Daily et al. 2001, Daily et al. 2003).
Therefore, predation risk likely differs among land-cover types, contributing to contrast
among habitats in risk and suitability perceived by prey species (Heithaus et al. 2009).
Both direct and indirect effects of predation may affect the distribution and movement
pathways of amphibians. While statistical analysis did not reveal an effect of habitat type
on predator encounter rates, possibly due to low power, there appeared to be habitat
trends for O. pumilio and there was a significant species effect. For C. bransfordii,
frequency of predation was similar across habitats (Fig 3b). However, for O. pumilio, we

observed no predation in forest, while there were predator encounters in palmito
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plantations and pastures. We know no other studies that have examined predation risk for
amphibians using tethering experiments; however, our results for forest habitat are
consistent with experiments that have assessed predation risk for the aposematic O.
pumilio in comparison with cryptically colored leaf-litter frogs using clay models
(Saporito 2007b). We observed predator encounters in anthropogenic habitats for this
species; though not statistically distinguishable from the zero encounters recorded in

forest, they may reflect the presence of different, possibly naive, predators.

Connectivity modeling

Response ratios from our experiments provided estimates of relative costs
associated with each land use that were then used to parameterize resistance surfaces.
Importantly, our approach provided an objective means for determining the degree of
contrast among land uses in terms of cost estimates. The most common approach for
parameterizing resistance surfaces has been the use of expert opinion (Keller et al. 2012).
While it may be reasonable to predict the rank order of resistances for well-known
species and habitats, the relative magnitude of these costs can have a large influence on
least cost path and resistance estimates (Rayfield et al. 2010, Koen et al. 2012).
Therefore, high sensitivity of models to the magnitude of cost contrast among land uses
may make estimates derived from expert opinion unreliable for many applications. It
should be noted that, while experiments may provide biologically relevant information
about habitat contrasts, cost values derived from experiments will not be free of variance
associated with choice of experimental protocols or methods used to translate

experimental results (e.g., means or effect sizes) into cost values.
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Current maps generated using habitat-specific desiccation risk and survival
information both produced strong correlations with maps generated from relative
abundance data (Fig 4). For O. pumilio, but not C. bransfordii, resistance estimates from
the predation risk experiment were also highly correlated with estimates from abundance
data, which was reflected by the significant interaction between species and predation.
We conclude that desiccation risk and mortality risk associated with desiccation should
be important predictors of habitat-specific movement rates for these species in the
agricultural landscape of Sarapiqui, Costa Rica. While body size and behavioral
strategies for avoiding desiccation vary among species and can moderate water loss to an
extent (Rittenhouse et al. 2008, Wells 2007), it is likely that physiological mechanisms
for maintaining water balance are fairly conserved across species, particularly for species
within the same genus (reviewed in Wells 2007). Therefore, in the absence of
experimental data, habitat-specific temperature information could serve as a useful index
of desiccation risk for studies of landscape resistance to amphibian movement (e.g.,
Trumbo et al. 2013).

We compared Euclidean, accumulated-least cost, and resistance distances derived
from relative-abundance data for both species, because these are among the most
commonly used measures for assessing landscape connectivity. There were marked
disparities among these three methods, suggesting that choice of connectivity analyses
should be carefully considered as they reflect different information content that may or
may not be important predictors of animal movement (Adriaensen et al. 2003, McRae et
al. 2008). There was moderate agreement between least-cost distances and Euclidean

distances, and between least cost distances and resistance distances (Fig 5). However,
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there was not a positive relationship between resistance distances and Euclidean
distances. For least-cost path models, pairwise values that deviated most from a linear
relationship with Euclidean distances were those that had highest combined rank cost
values (Fig 5a), which is consistent with results of Rayfield et al. (2010).

It is important to note the conditions under which these three methods will deviate
and determine which is most relevant to a given application. A uniform landscape should
produce LCP and resistance distances that result in strong linear relationships with
Euclidean distances (McRae et al. 2008). As landscape complexity increases along axes
of heterogeneity and contrast among landscape elements, least-cost paths and resistance
distances diverge from Euclidean distances (Koen et al. 2012, Rayfield et al. 2010). As
the number of movement pathways increases, resistance distance estimates from circuit
models decrease as a result of redundancy in the circuit, and LCP distances and resistance
distances diverge. Resistance distances and least cost paths have been shown to improve
model fit over Euclidean distance in analyses of population genetic structure (e.g.,

McRae and Beier 2007); however, this is not always the case (Velo-Anton et al. 2013).

Conclusions

In the study system, O. pumilio and C. bransfordii exhibited strong responses to
microclimatic variation associated with different land uses, and desiccation risk proved to
be a potentially important mechanism determining landscape resistance. The focal
species are numerically dominant vertebrates in the region (Whitfield et al. 2007, Kurz et
al. 2014) and likely fulfill important ecological roles as both predators and prey.

Therefore disruption of movement and continued declines of these species could have
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negative consequences for the communities in which they occur. Strategies for
maintaining connectivity for these species, and likely for others, will depend on
landscape configuration and level of forest cover, as we observed species-specific
responses to land uses (e.g., predation risk and relative abundances) and that predicted
movement corridors diverged with decreasing forest cover.

The spatial arrangements of land uses in combination with their relative value as
habitat are likely key factors affecting ecological processes such as movement paths, and
ultimately the structure of populations and communities in human-modified landscapes
(Driscoll et al. 2013, Karp et al. 2012, Pope et al. 2000). Scaling up from local-scale
mechanisms to landscape-scale patterns of movement and community structure will allow
for process-based inference in landscape ecological and genetic studies. A potential
limitation of the present study and others that use resistance surfaces is that fine-scale
within-habitat variation, such the amount of remnant native vegetation (e.g., individual
trees; Robinson et al. 2013), may be important for determining connectivity, but is not
likely captured in land-cover data sets developed from >30 m resolution sources (e.g.,
Landsat). Future research should examine connectivity at multiple spatial scales and take
advantage of high resolution imagery (e.g., < Im) for characterizing micro-connectivity
within habitat types.

Research focused on local-scale mechanisms that contribute to landscape
resistance will help conservation managers identify common factors that impede
movement and develop multi-species strategies to maintain landscape connectivity.
Analysis of resistance surfaces parameterized using experimental data represents a useful

approach for investigating how local costs associated with landscape features may
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contribute to the distribution, abundances and movement of focal organisms. It is likely
unavoidable that taxon-specific requirements will need to be considered. However,
identification of generalized traits of organisms (e.g., body size and trophic level) and
characteristics of landscapes (e.g., contrast and heterogeneity) that together modify
resistances can serve as a useful compromise between species-specific and system-

independent approaches to characterizing landscape connectivity.
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Table 2.1. GLMM results for analyses of water loss and survival during microclimatic

exposure experiments. Significant variables are indicated with asterisks.

Variable Estimate Std. Error z p-value
Water loss GLMM
(Intercept) -5.764 2.506  -2.300 0.021 *
Species [Op] 0.096 0391 0245  0.807
SVL (mm) -0.027 0.086  -0.317 0.751
Sex [M] -0.101 0.437  -0.231 0.817
Land Cover [Palmito] 0.010 0.575 0.017 0.987
Land Cover [Pasture] -0.207 0.616  -0.335 0.737
inTemp 0.166 0.050 3.342  0.001 ***
Survival GLMM
(Intercept) -31.052  2658.590 -0.012 0.991
Species [Op] -1.073 1.000 -1.074  0.283
SVL.(mm) -0.771 0.282  -2.734 0.006 **
Sex [M] 0.454 0.928 0.489  0.625
Land Cover [Palmito] 14.354  2658.585 0.005  0.996
Land Cover [Pasture] 14.179  2658.585 0.005 0.996
inTemp 0.947 0.223 4251 0.000 ***
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Table 2.2. Model results for analyses of substrate resistance trials and predator encounters

during tethering experiments. Significant variables are indicated with asterisks.

Variable Estimate Std. Error t-value p-value
Substrate resistance Global GLM

(Intercept) 4.006 0.373 10.734  <0.001 ***

Sex [M] -0.095 0.077 -1.235 0.218

Species [Op] -0.024 0.069 -0.351 0.726

SVL (mm) -0.017 0.017 -1.045 0.298

Land use [Palmito] 0.011 0.079 0.142 0.887
Land use [Pasture] 0.481 0.077 6.266  <0.001 ***

Substrate resistance Final GLM
(Intercept) 3.601 0.055  65.737  <0.001 ***
Land use [Palmito] 0.000 0.079 0.000 1.000
Land use [Pasture] 0.481 0.076 6.292  <0.001 ***

Predation GLMM
(Intercept) -2.479 3.942 -0.629 0.530
Species [Op] -1.271 0.504 -2.524 0.012 *
Land use [Palmito] 0.324 0.562 0.576 0.564
Land use [Pasture] 0.167 0.569 0.294 0.769
Time tethered 0.063 0.269 0.234 0.815
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Table 2.3. GLMM results for analysis of factors explaining variation in correlation
coefficients between experiment and survey-derived current maps from Circuitscape

output. Significant variables are indicated with asterisks.

Variable Estimate Std.Error t-value p-value
Map correlations GLMM

(Intercept) -3.181 1.029 -3.091 0.003 **
Forest cover 2.771 1.815 1.526 0.202
Experiment[Mort] 2.348 0.286  8.198 <0.001 ***
Experiment{Move] 0.866 0.288  3.005 0.004 **
Experiment[Pred] 0.236 0.305 0.772 0.444
Experiment[ Water] 1.410 0.282 4998 <0.001 ***
Species[Op] 1.858 0.282  6.593 <0.001 ***
Experiment[Mort]:Species -0.067 0.438 -0.152 0.880
Experiment{Move]:Species -0.824 0.375 -2.196 0.033
Experiment[Pred]:Species 3.109 0.572 5432 <0.001 ***

Experiment[ Water]:Species -0.167 0.387 -0.432 0.668
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Figure 2.1. A replicate site in Sarapiqui, Costa Rica, consisting of adjacent areas of forest

(A), pasture (B), and palmito (C), where microclimatic exposure and predation
experiments were conducted, and where substrates were collected for the substrate-

resistance and choice experiments.
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Figure 2.2. Top shows relationships between proportional decrease in mass and

temperatures measured in forest, palmito, and pastures during microclimatic exposure

experiments. Bottom panels shows the effect of temperature on probability of survival

during one-hour trials.
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Figure 2.3. Mean travel times for O. pumilio and C. bransfordii across substrates from
forest, palmito, and pastures (A). Error bars represent 95% confidence intervals.

Proportion of individuals that encountered predators during tethering experiments (B).
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cost values between start and destination cells. Note that pairwise values with higher

combined costs tend to plot above the linear trendline.

Figure 2.6. One replicate 625 km® landscape in Sarapiqui, Costa Rica. The dominant land
cover types are palmito (light grey), pastures (medium grey), and forest (black). Three
measures of connectivity are shown between two forest patches (light blue polygons) for
C. bransfordii (left) and O. pumilio (right). Euclidean distances are represented by green
lines connecting patches. Least-cost paths based on abundance-derived resistance
surfaces are shown in red. Areas of high current density from Circuitscape models are
shown in blue, yellow and red, with warm colors associated with highest current densities
(analogous to net movement probabilities). Note that multiple pathways highlighted by
current maps as opposed to single pathways represented by least-cost paths and Euclidean

distances.
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IV. CHAPTER 3: DISPERSAL COSTS AND ABUNDANCES EXPLAIN GENETIC
DIFFERENTIATION OF TWO AMPHIBIANS IN A COMPLEX NEOTROPICAL
LANDSCAPE

ABSTRACT

Conversion of forests to agricultural lands often creates breaks in distributions of forest
species and can disrupt dispersal. In the tropics, forest conversion is occurring rapidly
and threatens persistence of species-rich faunas through reduced population sizes and
reduced gene flow through altered habitats. However, there are currently few landscape
genetic studies of tropical species. We examine population structure and landscape
effects on two amphibian species in an agricultural landscape in Costa Rica. We
incorporate data from field surveys and experiments to develop resistance surfaces that
represent local mechanisms associated with amphibian dispersal. As lag times can exist
between forest conversion and genetic responses, we also evaluated the relative influence
of landscape configurations at four different time periods. We found similar levels of
population structure and concordance of geographic clusters for both species. However,
species exhibited differing responses to landscape features. For Craugastor bransfordii,
population differentiation was significantly related to landscape resistances estimated
from abundance and experiment data. Model support was highest for experiment-derived
resistance surfaces that represented habitat-specific desiccation risk and substrate
resistances. Genetic variation was best explained by contemporary landscape
configuration, indicating lack of a substantial time lag in population response. For
Oophaga pumilio, genetic structure was best explained by geographic isolation and was

not related to any other landscape-resistance estimate after controlling for distance.
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Species-specific responses to landscape features may be attributable to overriding effects
of population size on geographic patterns of differentiation for O. pumilio but not C.
bransfordii. In addition, pastures are likely more permeable to O.pumilio gene flow
because this species is known to use pastures when remnant vegetation is present, but C,
bransfordii does not. Ongoing reforestation efforts will likely increase connectivity for

both species in the region by maintaining tree cover and reducing area of pastures.

INTRODUCTION

Anthropogenic land-cover change produces novel environments that affect
ecological and evolutionary processes in most terrestrial systems (Hobbs et al. 2009,
Barnosky et al. 2012). A critical result of land-cover change is the alteration of animal
distributions and movements across landscapes, which creates discontinuities among
remnant populations. Anthropogenic features often act as dispersal barriers that can
reduce allelic diversity through genetic drift, reduce the spread of adaptive genes, and
increase susceptibility to environmental change (Pearman & Garner 2005, Manel &
Holderegger 2013). As forest loss continues, existing protected areas will prove
insufficient to fully mitigate biodiversity loss and are themselves often isolated
(Rosenzweig 2003, DeFries et al. 2005, Laurance et al. 2012). Strategies to maintain
connectivity of reserve networks will need to incorporate elements of surrounding
agricultural landscapes (Daily et al. 2003, DeClerck et al. 2010). By identifying
landscape features that impede dispersal as well as idiosyncrasies among species
responses, conservation practitioners will be better able to implement plans to facilitate

movement of multiple species (Beier et al 2008, Betts et al. 2014).
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Functional connectivity is determined by the combined influence of landscape
configuration and species-specific responses to landscapes (Luque et al. 2012). When
landscapes are complex, organisms perceive contrasts in habitat quality or risk among
alternative pathways that may modify movement behavior and dispersal rates (Baguette
et al. 2012). Increased diversity and contrast of land-cover types, may disrupt isolation by
distance relationships (Bender & Fahrig 2005, Heidinger et al. 2013, Benscoter et al.,
submitted) making it more informative to analyze effective distances that account for
species responses to landscape features (McRae & Beier 2007, Castillo et al. 2014, Soare
et al. 2014).). Local scale experiments can be used to estimate effective distances by
providing information on species-specific responses to landscape features (Knowlton &
Graham 2010), such as gap crossing behavior (Smith et al. 2013) and habitat-specific
survival (Rittenhouse et al. 2008, Hammerschlag et al. 2010). Given time, the cumulative
effects of local dispersal risks should scale up to population-level patterns of genetic
structure. However, the influence of local processes on genetic structure will ultimately
be regulated by other demographic parameters, such as population size and density
(Busch et al. 2009, Lowe & Allendorf 2010).

For amphibians, habitat modification is the dominant threat to global diversity and
is particularly concerning in the tropics where rapid forest loss converges upon the
world’s most species-rich systems (Stuart et al. 2004, Vié et al. 2009, Hansen et al.
2013). Isolating effects of landscape change may be pronounced (Jenkins et al. 2010) and
manifest quickly in amphibian populations, because of limited vagility (Smith & Green
2005), short generation times, and metabolic constraints on movement (Wells 2007).

Ectothermy and highly permeable skin limit activity and likely increase susceptibility to
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microclimatic variation associated with landscape change. Studies have reported that
amphibians exhibit higher rates of water loss (Rothermel & Luhring 2005, Consentino et
al. 2011), mortality (Rothermel & Semlitsch 2006), and behavioral avoidance in land
uses with little or no canopy cover in temperate zones (Rittenhouse & Semlitsch 2006).
However, tropical ectotherms may be more sensitive to altered microclimates than
temperate species (Deutsch et al. 2008, Huey et al. 2009), as ambient forest temperatures
are near physiological thermal maxima for some frog species, particularly at lower
elevations (Catenazzi et al. 2013).

Landscape genetics provides an informative means to evaluate connectivity
(Manel & Holderregger 2013) by combining variable markers with remotely sensed data.
Recent studies demonstrated the effects of anthropogenic habitat modifications, such as
roads (Short Bull et al. 2011), agricultural and urban land uses (Goldberg & Waits 2010),
and climate change (Wasserman et al. 2012, Velo-Anton et al. 2013) on genetic variation.
Empirical and simulation studies show fine scale landscape effects can be detected after
only a few generations, depending on the permeability of introduced barriers (Zellmer &
Knowles 2009, Landguth et al. 2010). However, it is important to consider time lags
between landscape change and population responses, as large populations will likely
respond more slowly to loss of connectivity (Anderson et al. 2010). Among recent
advances in genetic connectivity analysis, circuit theory models have become widely
used to estimate effective distances (McRae et al. 2008) and provide an advantage over
other methods by accounting for multiple pathways among sites.

A key component of the circuit model framework is the resistance surface which

simultaneously represents the spatial configuration of landscape elements (e.g., land use
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types) and hypothesized or empirical dispersal costs associated with landscape features
(Spear et al. 2010). The majority of studies to date have relied on expert opinion or model
fitting procedures to determine cost values (Spear et al. 2010, Zeller et al. 2012).
However, resistance estimates are highly sensitive to the magnitude of contrast among
cost values assigned to landscape features, and expert-assigned values may not reflect
relevant levels of contrasts (Rayfield et al. 2010, Koen et al. 2012). Model-fitting
approaches allow for identification of dispersal barriers, but do not facilitate a priori
hypothesis testing or mechanistic insights. Other studies have used field surveys or
movement data (e.g., from mark-recapture or radio telemetry) to parameterize resistance
surfaces. However, surprisingly few studies have used experiments to derive cost
surfaces, despite the potential to evaluate different mechanism associated with landscape
resistance (Stevens et al. 2006).

Here we examine landscape effects on population structure of two dominant
amphibian species in an agricultural landscape in Costa Rica. We used independent
datasets from field surveys and experiments to derive resistance surfaces that reflect
biologically relevant levels of habitat contrast for our two focal species. Field surveys
generated relative abundance data in three prevalent land-cover types (Kurz et al. 2014).
Experiments were designed to provide indices of habitat-specific desiccation risk and
associated survival, movement performance, and predator encounter rates. In addition, we
used land cover data from multiple time periods to examine effects of past and present
landscape configuration on population structure.

Our primary objectives were to, 1) compare effects of resistance distances with

simple isolation by distance models, 2) evaluate relative model support for resistance
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distances derived from different field experiments, 3) determine if strength of landscape-
genetic relationships vary across time (i.e., landscape configurations associated with
different time periods), and 4) to compare level of population structure and responses to
landscape models between the two focal species. We expected, a priori, that 1)
resistances derived from empirical costs would be more informative than Euclidean
distances, as landscape modification has occurred for over half a century in the study
region. 2) landscape-genetic correlations would be strongest for desiccation risk-derived
cost surfaces as indicated by model validation (Nowakowski et al., submitted), 3) the
strength of landscape-genetic correlations would be greater for older landscape
configurations, reflecting time lags, and 4) that litter frogs would exhibit stronger
population subdivision and responses to landscape change, as studies of other direct-
developing species indicate limited dispersal capabilities in this group (e.g., Elmer et al.

2007).

METHODS
Study system and field sampling

Our study took place in the Caribbean lowland region of northeastern Costa Rica.
Wet tropical lowland forest is the dominant natural vegetation type in this system and is
part of a biogeographic region that extends along the Atlantic versant from Mexico to
Panama. The area receives about 4 m of rain annually and has a mean annual temperature
of 25 °C (Sanford et al. 1994, Savage 2002). The study landscape is a heterogeneous
mosaic of forest, pastures, and cultivated lands. Approximately 40% of the landscape

remains forested (about 12% of which is secondary regrowth); though, most forest is
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comprised of fragmented patches and riparian zones (Fig 1; Sesnie et al. 2008, Fagan et
al. 2013). Beginning in the 1950’s, expansion of cattle ranching caused rapid
deforestation for the establishment of pasture lands (Butterfield 1994). However, loss of
mature forest has slowed following implementation of a national ban on forest clearing
(Morse et al. 2009, Fagan et al. 2013). While pastures are the dominant land use,
covering 40% of the land area, agricultural crops, such as banana, pineapple, and heart-
of-palm, have expanded in recent decades to cover about 10% of the landscape (Fagan et
al.2013).

Our study focuses on the two dominant amphibian species in the area, Oophaga
pumilio and Craugastor bransfordii. Oophaga pumilio is a brightly colored poison frog
that contains alkaloids in its skin, which are sequestered from arthropods in its diet
(Saporito et al. 2007). The species is dependent upon forest resources for reproduction,
such as leaf-litter ovaposition sites and tadpole rearing sites in phytotelmata (Donnelly
1989). Craugastor bransfordii is a cryptically-colored frog that also breeds in the leaf
litter. However, this species does not have a free-living tadpole stage. Both species reach
high abundances in forest, but exhibit different responses to landscape change outside of
forests (Kurz et al. 2014). Poison frogs are known to occur in pastures, where occupancy
and abundances are associated with the presence of individual-remnant trees
(Nowakowski, unpubl. data, Robinson ez al. 2013), but were rarely observed in cultivated
areas (Kurz et al. 2014). In contrast, C. bransfordii reach moderate abundances in heart-
of palm plantations, but are nearly absent in pastures. Population declines were recorded
for both species over a 35 year period at a protected area within the study landscape

(Whitfield et al. 2007).
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We sampled amphibians at 17 forest remnants in northeastern Costa Rica. As part
of a concurrent study to characterize species richness and composition, we conducted
visual encounter surveys along 50 x 4 m transects (e.g., von May et al. 2010). In each
remnant, 26 transects were randomly located and searched at night, between 18:30 and
01:00 hrs. Randomized transect placement increases the likeliness that sampled
individuals are representative of the genetic variation that occurs within sites. However,
we also augmented sample sizes with individuals encountered outside of transects. Toe

clips were collected from focal species and stored in 95% ethanol and frozen.

Microsatellite genotyping and summary statistics

Tissue was digested in lysis buffer and proteinase K, and standard phenol-
chloroform methods were used to extract DNA (Sambrook & Russell 2001). Template
DNA was diluted to 20 ng/ul, and PCR reactions were run with multiplexed sets of 2-4
fluorescently labelled (6-FAM and HEX) primer pairs. We genotyped individuals at 11
loci for O. pumilio (Oop_B9, Oop B8, Oop E3, Oop G5, Oop HS, Oop Ol, Oop FI,
Dpum14, Dpum24, Dpum63, and Dpum44; Hauswaldt et al. 2009, Wang & Summers
2009) and 10 loci for C. bransfordii (Cbra_2, Cbra 16, Cbra 18, Cbra 28, Cbra 38,
Cbra_48, Cbra_53, Cbra 61, Cbra 64, Cbra_71; Nowakowski ef al., submitted). We
used 20 pl reaction volumes for PCR amplifications that consisted of 40 ng of template
DNA, 10 mM Tris—HCI, 50 mM KCl, 0.5 mg/ml BSA, 1.5 mM of MgCI2, 0.2 mM of
each ANTP, and NEB Taq polymerase (1U). Amplicon sizes were determined using an

ABI 3130XL and GeneScan 4.1 (Applied Biosystems). We scored raw alleles using
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program GENEMAPPER v.X (Applied Biosystems), and binned alleles using FlexiBin
(Amos et al. 2007).

We summarized allele frequencies, heterozygosity, and tested for significant
linkage disequilibrium (LD) and deviations from Hardy-Weinberg equilibrium (HWE)
using program Arlequin v3.5 (Excoffier & Lischer 2010). We specified 1,000,000
Markov chain steps with a 100,000 step burnin for performing exact tests of HWE and
1000 permutations for tests of LD and applied Bonferroni corrections (Rice 1989). Null
allele frequencies were estimated using MICROCHECKER v2.2.3 (van Oosterhout ef al.

2004).

Analyses of population genetic structure
Population differentiation and population size:

We characterized genetic differentiation between pairs of sample sites using two
measures, Fst and Jost’s D. Values of Fst are known to be dependent upon within
population diversity such that for multi-allelic markers, high expected heterozyosity can
result in low maximum Fr values (e.g., max Fsr = 0.1; Meirmans & Hedrick 2011).
However, interpretation of values is facilitated by well-understood relationships among
drift, migration, and population size for Fsr measures of differentiation. On the other
hand, D better reflect differentiation of allele frequencies among populations than Fgr
and maximum values are not restricted by within population heterozygosity (Jost 2008;
Meirmans & Hedrick 2011). However, evolutionary interpretations of D are currently

less well established than for F'st measures (Whitlock 2011).
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Because rate of genetic drift and patterns of differentiation are influenced by
effective population size (N.), we estimated N, for each site using the linkage
disequilibrium method implemented in program LDNe (Waples & Do 2008). We
specified a random mating system within populations and excluded rare alleles with
frequencies <0.01. Influence of spatial variation in N, on patterns of differentiation was
assessed using linear regression. We also analyzed associations between differentiation
and relative abundances measured along transects. While theory dictates that N, affects
differentiation (Franham et al. 2002), N, estimates are often imprecise (e.g., Richardson
2012) and sensitive to model parameters; abundances should co-vary with N, to the
extent that local populations conform to idealized population structures. In all but one
site, where fewer than 30 O. pumilio were encountered, relative abundances recorded on
transects are independent of sample sizes used in genetic analyses. Sample sizes for
genetic analyses were standardized at 30-35 samples per site per species and any

variation in n across sites is largely attributable to genotyping completeness.

Bayesian clustering:

To compare the level of population structure between species represented as the
number and geographic locations of genetic demes, we used a Bayesian clustering model
implemented in program STRUCTURE (Pritchard et al. 2000). The STRUCTURE model
determines support for a given number of genetic clusters (K) by estimating the
probability of the multi-locus genotype data, given a specified number of clusters,
Pr(X|K). Individuals are assigned to clusters so as to minimize linkage disequilibrium

and deviations from HWE.
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On the basis of exploratory analyses where K was set to all values < total number
of sample sites, we focused replicate model runs on K=1-10 for O. pumilio and K=1-9 for
C.bransfordii. For each value of K, 6 replicate models were run with a 200,000 step
burnin period and 500.000 MCMC repetitions following burnin. We specified models
that allowed for admixture, as local populations often have mixed ancestry, and
correlated-allele frequencies. We used sampling location priors, which are useful for
improving population assignment when data indicate weak to moderate population
structure; location information typically improves resolution, but does not generate
artificial structure in the data (Hubisz et al. 2009, Pritchard et al. 2010). Model support
for the number of distinct genetic clusters (K) was determined as the maximum value of
In Pr(X|K) before asymptote for multiple possible K values using program STRUCTURE
HARVESTER (Earl & von Holdt 2011). Replicate runs were aligned and averaged using
CLUMP (Jakobsson & Rosenberg 2007) and Q-plots were constructed using program

DISTRUCT (Rosenberg 2004)

Resistance distance-genetic distance relationships
Resistance surfaces

We evaluated landscape effects on pairwise population differentiation using
experiment and field survey-derived resistance surfaces. Cost surfaces were created by
reclassifying cell values of land cover datasets developed from 1986, 2001, and 2011
Landsat images (Fagan ef al. 2013). Empirical costs were assigned to forests, pastures,
and palmito land cover types, which represent approximately 86% of the study landscape.

We clipped the land cover datasets to the extent of our 2,500 km? study area.
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For field-survey derived resistance surfaces, we used relative abundance data for
the two focal species collected along 400 transects surveyed in forest, pasture, and
palmito plots in Sarapiqui, Costa Rica (Kurz ef al. 2014). Ten sites were surveyed in
2012 and each site included a forest plot and either a pasture or palmito plot adjacent.
Four habitat categories were sampled in total, forest adjacent to pasture, pasture, forest
adjacent to palmito, and palmito, with 100 transects surveyed in each category. Complete
details on sampling and results are reported in Kurz et al. (2014).

For experiment-derived resistance surfaces, we used data from three separate field
experiments that measured 1) desiccation risk and associated mortality in forest, pasture,
and palmito, 2) ease of movement across common substrates associated with each land
use, and 3) predator encounter rates in focal land uses. Briefly, desiccation risk and
mortality were measured by placing frogs in individual enclosures within each land-use
type thereby exposing them to habitat-specific microclimatic conditions. Survival and
change-in-mass as an index of water loss were recorded over one-hour trials conducted
on multiple days and under a range of weather conditions. Substrate resistance was
measured as the time taken by individuals to traverse 1.8 m runs containing land-use
specific substrates (e.g., forest leaf litter and pasture grasses). We used tethering
experiments to record the number of predation events in each land use. Tethering
experiments are commonly used in marine-ecology studies and can be used to provide an
index of habitat-specific predator encounter rates (Aronson et al. 2001, Hammerschlag et
al. 2010). Complete details on experimental approach, resistance surface
parameterization, and model validation are reported in Nowakowski et al. (unpubl data).

These empirical datasets allowed us to assign resistance values that reflect biologically
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relevant levels of contrast among landscape elements and to make inferences about the
importance of local mechanisms in explaining landscape scale patterns of population
structure.

Experiments were translated to cost surfaces as follows: All forested cells were
assigned a resistance value of 1, assuming low resistances of forest in relation to other
land uses. Cost values for pastures and palmito were calculated as the response ratios
from experimental results and survey data. For example, the cost value (C) for pastures
derived from abundance data were calculated as C, = total abundance in forest / total
abundance in pasture. Therefore lower abundances relative to forest are assumed to
reflect greater resistances of pastures. Conversely, C, derived from water loss
experiments was calculated as C, = percent weight loss in pasture / percent weight loss in
forest, as greater desiccation risk is assumed to be associated with higher resistances. We
assigned costs to other land uses, such as banana and tree plantations, on the basis of
structural similarity to measured lands uses (e.g., the presence or absence of overstory or
midstory vegetation strata). Rivers were assigned resistances equal to the average
resistances for forest, palmito, and pasture. Our approach for assigning costs to
unmeasured land uses should have negligible influence on the analyses, as these features
only represent 16% of the study landscape and values were standardized across all
resistance surfaces. Experiment-derived resistance surfaces were evaluated for the 2011
landscape only.

To evaluate changes in the strength of landscape-genetic responses across time we
produced resistance surfaces for four time periods, pre-fragmentation (e.g., 1940’s),

1986, 2001, and 2011. Pre-fragmentation surfaces consisted of a forested landscape with
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resistances assigned to forest and rivers as above. We also accounted for mountains
occurring to the south by assigning infinite resistance to areas above the known elevation
limits of each species. For 1986, 2001, and 2011 time periods we used classified land
cover data from Fagan ef al. (2013) and assigned costs using relative abundance data as
described above. We used abundances for analyses of temporal landscape signatures,
because they represent our best independent measure of resistance - abundances likely
reflect the combined influence of multiple mechanisms underlying connectivity (e.g.,
habitat specific survival and behavior). We produced additional surfaces for each year
that accounted for elevation limits to determine if inclusion of mountain features
improved model fit.

Our simplest landscape models consisted of pairwise geographic distances and
isolation by resistance (IBR) values. We generated IBR distances by creating a uniform
landscape grid with all cells equal to 1 for input into CIRCUITSCAPE. The IBR distances
are generally correlated with geographic distances, but not perfectly, as resistances
distances reflect diffuse paths and are influenced by size of source and destination
patches (McRae et al. 2008). One reason to use IBR is that the model assumes a finite
landscape (Lee-Yaw et al.2009). On the other hand, geographic distances represent the
purely spatial component of the landscape (i.e., the arrangement of sample sites). Both
geographic distances and IBR models contain no information about landscape features
and can be used as null models for evaluating support for more complex landscape

models.
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Circuitescape modeling

We used CIRCUITSCAPE to estimate landscape resistances among sample sites
(McRae & Shah 2009). CIRCUITSCAPE combines graph theory and circuit theory to model
connectivity by constructing graphs that connect focal nodes representing populations or
sample sites (McRae et al. 2008). Graph edges are replaced by resistors to create
networks analogous to electrical circuits where resistances among focal nodes are a
function of cost surface grids used as input. We used pairwise resistance distances output
by CIRCUITSCAPE as a connectivity measure, which reflects the combined resistance of all
resistors and the redundancy of pathways. Allowing for multiple connections between
pairs of nodes is more realistic and may improve performance over approaches that
consider only individual movement pathways, such as least-cost path analyses (McRae &
Beier 2007).

In total, we generated 9 resistance surfaces for each species, abundance
parameterized land cover for pre-fragmentation, 1986, 2001, and 2011 periods,
experiment-derived surfaces for water loss, survival, substrate resistance, and predation
responses, and an IBR surface, which were converted to ASCII format and used as input
for CIRCUITSCAPE. We modeled connectivity among 15 and 17 focal regions (forest
remnants) for O. pumilio and C. bransfordii, respectively. Cost surface cells were coded
as resistances and spatial graphs were constructed by connecting eight cell neighbors

using average resistance values.
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Partial Mantel tests

We performed two sets of analyses using a series of partial Mantel tests to 1)
evaluate the relative support for different experimentally measured mechanisms
underlying observed genetic connectivity and 2) to compare historic versus contemporary
landscape signatures on observed population differentiation. Our analyses follow the
general approach outlined by Cushman & Landguth (2010); support for or exclusion of
successively complex landscape models (uniform landscape -> pre-fragmentation
landscape -> agricultural landscapes) was determined while controlling for alternative
landscape surfaces. Though, for certain comparisons, such as among years and between
desiccation risk and associated mortality, our aim was not to exclude alternative
resistance surfaces (aside from geographic distance), as they are non-independent, but to
evaluate relative strength of correlations for each. We chose to use partial Mantel tests
because this approach is suited for evaluating hypotheses expressed in terms of distances
(Legendre and Fortin 2010), and data manipulations needed to fit non-independent
distance values into a parametric framework are often cumbersome. While partial Mantel
tests in a causal modeling framework have low Type Il error rate, they are prone to
elevated Type I error, particularly when alternative resistance models are correlated
(Cushman and Landguth 2010, Cushman et al. 2013). Here, we focus on relative support
of alternative models indicated by diagnostic statistics, which has been shown to reduce

Type I error (Cushman et al. 2013).

95



RESULTS
Marker screening and summary statistics

We assembled complete multi-locus genotypes (no missing data) for a total of 512
O. pumilio individuals and 513 C. bransfordii individuals. For O.pumilio, we excluded
loci Oop_H5 and Dpum_44 from analyses because they exhibited high rates of non-
amplification (>0.05) and occasional extra alleles, possibly attributable to null alleles and
insertions, respectively. Across the remaining 9 loci, we detected significant deviation
from HWE in only 1 test (of 135) after Bonferroni correction. Significant LD was found
for one pair of loci in one population. For C. bransfordii, departure from HWE was found
in 39 (of 170) tests. Most loci did not exhibit consistent deviations from HWE.
However, Cbra_71 was out of HWE in all 17 populations. This is most likely attributable
to high frequency of null alleles at this locus (NA> 0.2). We excluded Cbra 71 from
downstream analyses, but included two loci that had null alleles at lower frequencies
(Cbra_48 and Cbra_61; NA <0.2). Simulations studies show that loci with null allele
frequencies < 0.2 have little effect on STRUCTURE model performance (Carlsson 2008)
and do not significantly bias estimation of Fst when differentiation is weak (Chapuis and
Estoup 2006), but exclusion of loci reduces statistical power. There was no pervasive
pattern of LD across populations for C. bransfordii (mean of 0.76 linked pairs of loci per
population). Genetic diversity was generally high for both species. For O. pumilio, total
number of alleles per locus ranged from 6-24. Across all loci and sites, mean allelic
richness (AR) was 11.1 = 1.2 (mean + SD), and mean observed heterozygosity (H,) was
0.81 + 0.04. For C. bransfordii, total alleles per locus ranged from 23-41, AR was 16.3 +

0.96, and H, was 0.81 £+ 0.03.
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Population genetic structure
Population differentiation and population size:

Mean pairwise estimates of Fsr were 0.029 = 0.017 (mean + SD) ranging from
0.0-0.07 and mean estimates of D were 0.075 + 0.049 with a range of 0.00-0.2 for O.
pumilio. For C. bransfordii, mean Fst was 0.020 + 0.007 (range: 0.004-0.044) and mean
D was 0.166 = 0.068 (range: 0.011-0.375). The majority of pairwise Fst values were
significantly greater than zero (O.pumilio: 90 of 105; C. bransforii: 128 of 136) after
Bonferroni correction for multiple tests. Effective population size varied considerably
across sites for both species; we did not compute summary statistics as point estimates
and confidence limits included infinity for multiple populations (Table S2). Therefore,
we binned N, estimates and converted them to ranks for further analyses. Mean pairwise
Fst estimates were negatively associated with local relative abundances (Fig 1; R* =
0.409, P = 0.010) and ranked N, estimates (R*> = 0.251, P = 0.057) for O.pumilio
indicating lower differentiation among pairs of large populations. Mean pairwise Fsr was
not correlated with relative abundances (R* = 0.000, P = 0.990) or rank estimates of N

(R? 0.097, P =0.222) for C. bransfordii.

Bayesian clustering:

The highest values of In P(X|K) supported K=5 genetic clusters for O. pumilio
and K=4 clusters for C. bransfordii (Fig 2; Fig S3). Geographic patterns of population
clustering were generally concordant between species, and genetic clusters tended to
correspond to the spatial scale associated with groups of neighboring sites rather than

individual sites. For poison frogs, sites located in the southeastern part of the landscape
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(sites c, d, e, & f) comprised a single cluster, sites in the northwest (g, h, & i) formed a
second cluster, and sites in the southwestern part of the landscape (m, n, & o) were
grouped into a third cluster. Several other sites (j, k, and 1) were largely admixed between
the second and third clusters, and individuals at two sites (p and q) located in the
northeast, were assigned to two distinct clusters. Most O. pumilio individuals were
strongly assigned to a given population (i.e., little admixture). Litter frogs, on the other
hand, exhibited higher levels of admixed ancestry at the site level. A distinct cluster was
formed by site c, while individuals were strongly assigned to three multi-site clusters
identified in the southeast (sites d, e, f), northwest (at g, h), and southwestern (1, m, n, &

o) parts of the landscape. Individual ancestry at remaining sites was largely admixed.

Resistance distance-genetic distance relationships

Poison frogs exhibited a strong and significant isolation by distance relationship
for all metrics of genetic differentiation (Fig 1; Table 1). For O. pumilio, there were no
significant associations with pre-fragmentation landscape features or for modified
landscapes at any year or using any measure of resistance after controlling for geographic
distances. Isolation-by-distance relationships remained significant in most cases after
controlling for resistance surfaces (Table 1). In contrast, litter frogs exhibited significant,
but weaker isolation by distance effects (Mantel » = 0.360, P =<0.0001). There were also
significant effects of landscape features on population differentiation (Table 1). For
analyses of lag times, we found large partial correlation coefficients for contemporary
(2011) and more recent (2001) landscape configurations (Fig 3; Table 1). In analyses of

experiment-derived resistance distances, there was model support for all four experiment-
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derived resistances for litter frogs. However, averaged across tests using each
combination of genetic distance and null landscape model, partial Mantel r statistics were
highest for desiccation-risk and substrate resistance models (Fig 4; Table 1). Mean partial
Mantel r was lowest for predation models and did not differ from zero. Model validation
using abundance data also showed low support for predation as a determinant of

resistances (Fig 4; Nowakowski et al., unpbul).

DISCUSSION

The lowland-Atlantic forests of Costa Rica support remarkably diverse
assemblages of amphibians (Savage 2002). Much of this forest has already been
fragmented and converted to pastoral and agricultural land uses, a common scenario
throughout the neotropics (FAO 2009). While loss of mature forest has slowed in the
study region, ongoing homogenization and intensification of cultivated lands will
continue to have consequences for maintenance of biodiversity on the landscape (Karp et
al. 2012, Kurz et al. 2014). The persistence of communities in remnant forests will likely
depend on the exchange of migrants with adjacent populations to counteract loss of
genetic diversity associated with isolation and drift. Strategies to maintain connectivity
will need to identify landscape features that impede dispersal. In this study, we observed
similar levels of population structure for two common amphibian species experiencing
declines in Sarapiqui. However, the focal species exhibited differential responses to
landscape structure that may be attributable to demography or differences in tolerances to
landscape change. Taking into account species—specific responses to landscape features,

we discuss recommendations to increase connectivity for both species in the region.
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Population structure and dispersal limitation

Overall levels of differentiation for both species indicated weak, but significant
divergence among most sampling locations according to Fst estimates. However, within
population levels of H. were high, which can restrict maximum values of Fsr (Meirmans
& Hedrick 2011). We used an alternative measure of genetic distance, D, that indicated
higher levels of differentiation for both species and a greater range of values than for Fgr.
For O. pumilio, levels of population differentiation are comparable to those reported in a
previous study conducted at a larger spatial scale, in which the shortest inter-site
distances overlap with our longest inter-site distances (Wang & Summer 2010).
Assignment methods suggest that spatial delineation of clusters is similar between
species and that both species were largely structured at the scale of multiple-adjacent
sites rather than individual sample sites. Both assignment methods and estimates of
population structure indicate similar levels of dispersal limitation for each species.

We know of no direct measurements of dispersal distances for our study species.
Oophaga pumilio are known to maintain small home ranges on the order of 10-30 m”
(Donnelly 1989b). What little research exists for direct-developing eleutherodactyline
frogs suggest that this group is characterized by small home ranges and limited dispersal
(Elmer et al. 2007). However, the average maximum dispersal distance for anurans from
existing literature (e.g., mark-recapture or radio telemetry studies; reviewed in Smith &
Green 2005) is 2923 m (SD = 5930 m). While it is important to note that substantial
variation exists among species, this value is similar to the mean distance among sites

within multi-site genetic clusters reported here (O. pumilio, 4029 m ; C. bransfordii, 2393
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m). Landscape genetic studies of amphibians in temperate zones have described
population structure at similar spatial scales reported here and genetically delineated
demes in those studies have also included multiple habitat patches or breeding sites (Funk

et al. 2005, Zamudio & Wieczorek 2007).

Landscape-genetic correlations

Both species exhibited significant isolation-by-distance relationships (IBD), but
IBD was much stronger for poison frogs than for litter frogs (Fig 1). A recent meta-
analysis found that ectotherms often exhibit strong IBD relationships, possibly because of
metabolic and size constraints on dispersal (Jenkins et al. 2010). IBD is the simplest
landscape model as it includes no information on landscape features, but provides a null
model for evaluating the importance of landscape structure. We analyzed the influence of
increasingly complex landscapes on population differentiation, from a uniform landscape,
to dynamic landscapes with multiple land uses. Contemporary landscape effects on
population structure were detected for C. bransfordii using empirically-derived resistance
surfaces. Support was greatest for abundance-derived and three mechanistically-derived
models. In contrast, genetic variation for O. pumilio was best explained by distances
among sample sites. No other resistance surfaces explained significant variation in
genetic structure for poison frogs after controlling for geographic distance.

We assumed that survey-derived resistance surfaces provided a “best”
independent estimate of landscape resistance, as abundances likely reflect the cumulative
effects of habitat-specific resource availability and mortality risks (i.e., habitat quality).

Ultimately, landscape connectivity can be equated to habitat quality for dispersing
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individuals. For litter frogs, resistance distances derived from abundances were a strong
predictor of genetic variation among sites after controlling for geographic distances.
Support for the abundance model indicates that resistance to gene flow is lowest for litter
frogs through forest, intermediate through palmito plantations (and similar land uses) and
highest through pastures. Contrary to our expectations, we did not find evidence of a time
lag between landscape state and observed population structure. Model support was
greatest for the contemporary landscape and effect sizes increased from 1986 to 2011
(Fig 3). Lack of a substantial lag time is in agreement with both recent empirical (Zellmer
& Knowles 2009) and simulation (Landguth et al. 2010) studies that found that
contemporary landscape effects on populations were not only detectable, but stronger
than historical landscape conditions.

Landscape resistance is a composite of multiple local processes that scale up to
determine rates of gene flow. In analyses of litter frog data, model support for a specific
local mechanism was greatest for substrate resistance, measured as the speed that
individuals moved across common substrates found in each land use. Movement speeds
likely reflect the difficulty, and by extension energetic costs, associated with moving
across substrates in each habitat. Our results suggest that substrate resistance and
responses to local microclimates may be relatively important processes underlying
landscape resistance for litter frogs. However, significant support for experiment-derived
resistance surfaces was not consistent across alternative analyses; we therefore interpret
these results with caution.

Agreement among survey data, field experiments, and population genetic analyses

indicates that pastures represent significant dispersal barriers for litter frog populations,
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Pastures a long-standing and widespread landscape features in Sarapiqui that are
characterized by ground cover of thick non-native grasses and few scattered shrubs and
remnant trees. Maximum daytime temperatures in pastures can exceed those in forests by
as much as 10°C, and remnant vegetation provides limited refugia from microclimatic
conditions (Robinson et al. 2013). Because pastures generally support low diversities and
low abundances of amphibians (Kurz et al. 2014), the land use may create strong
population discontinuities for other species in the area and elsewhere in Mesoamerica.
Lack of a significant landscape effect on population structure for O. pumilio may
be explained by the influence of geographic variation in population size on differentiation
and the species’ ability to use pastures as habitat. Large populations should take longer to
respond to new dispersal barriers, because they lose alleles more slowly through genetic
drift (Frankham et al. 2002). Relative abundance data and Ne estimates signify large
poison frog population sizes at our study sites. We also observed a significant negative
association between relative abundances and average Fsr for poison frogs, indicating a
possible overriding effect of population size on differentiation. Strong IBD in O. pumlio
may reflect large and semi-continuous pre-fragmentation populations that were structured
by isolation gradients arising from moderate dispersal and neighbor breeding (Kimura &
Weiss 1964). Following forest conversion, population sizes and dispersal of poison frogs
in areas converted to pastures may have been reduced, but not as drastically as for C.
bransfordii. The presence of poison frogs in pastures, albeit at lower abundances
compared to forest (Kurz et al. 2014) supports the conclusion that pastures are not

complete dispersal barriers to this species.
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Use of pastures by poison frogs may not only facilitate movement among forest
fragments, but pastures also provide habitat where large-remnant trees are present
(Robinson ef al. 2013). Use of trees in pastures as small habitat patches may extend
populations of poison frogs from the forest boundaries allowing for greater genetic
continuity among fragments. Relative abundance data suggest that palmito plantations
likely provide greater resistance to poison frog movement than pasture; however, palmito
and similar land uses represent a smaller proportion of the landscape than pastures and
are typically more dynamic in space and time. In contrast, survey data show that pastures
are largely uninhabited by litter frogs (Kurz et al. 2014) and therefore likely create large
gaps in population distributions on the landscape. Population sizes were also large for C
bransfordii, but we did not find an effect of N, or relative abundances on levels of

population differentiation.

Methodological considerations

We note two methodological considerations from this study and similar studies of
landscape resistance. First, caution should be used when selecting measures of genetic
differentiation and null landscape models as different combinations of each can result in
varying levels of model support. It is probably best to evaluate consistency of multiple
measures or explicitly state the advantage of a given method for a particular use. Here,
we base inferences on the level of agreement among all combinations of null models and
measures of differentiation, as strong landscape effects should be apparent across most

analytical approaches. In addition, we argue that using Euclidean distances is a more
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appropriate null model than IBR for testing for effects of landscape features when the
objective is to control solely for the spatial arrangement of sample sites.

Second, when evaluating connectivity using resistance surfaces or other methods
that employ raster data, it is important to consider limitations associated with data
resolution. For example, we are aware of the possible importance of remnant trees as
habitat in pastures for poison frogs (Robinson et al. 2013). However, single trees or small
clusters of trees are not represented by our land cover data at 30 m resolution. Therefore,
missing information on variation in habitat quality among different pasture areas could
underlie the lack of landscape effect on poison frog populations. The importance of
remnant vegetation and other features, such as live fences and hedgerows, are known to
modify habitat quality of agricultural land uses for multiple taxa (Felton et al. 2010,
Fischer et al. 2010). Future studies should make use of field data, existing species
information, and high resolution imagery to investigate the importance of microhabitat

variation to landscape resistances.

Maintaining connectivity for frogs in an agricultural landscape

There are ongoing conservation measures within the study region that could
provide mechanisms for increasing connectivity of amphibian populations; these include
the management of protected areas and biological corridors (Sanchez-Azofeifa ef al.
2003, Fagan et al. 2013), as well as environmental service payment programs (ESPs;
Morse et al. 2009). Environmental service payment programs active in Sarapiqui provide
incentives to landowners for conversion to and maintenance of native forest regrowth and

exotic timber plantations. These programs have contributed to increased cover of native
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reforestations in the region (Fagan ef al. 2013). While much of the area remains forested,
most forest occurs as small fragments or as linear riparian zones. Typical distances
between forest patches in the study system range 100-400 m, which may represent
substantial expanses of open habitat to cross for small frogs (Nowakowski ef al. 2013).
Incentive programs could be used to increase conversion of pastures to secondary forest
regrowth, which would reduce distances among forest patches for O. pumlio and
minimize the amount of pastures lands that occur between forested habitats, thereby
increasing connectivity for C. bransfordii. In addition, incentives could be used to
increase retention of remnant trees and allow for limited recruitment in pastures that

could provide conservation benefits in these anthropogenically influenced landscapes.

Conclusions

Tropical species are underrepresented in the landscape genetics literature (Storfer
et al. 2010, Emel & Storfer 2012), despite high levels of diversity and disproportionate
numbers of threatened species (Vi€ et al. 2008). We present a comparative study of two
dominant Neotropical amphibians that identifies similarities between species in the scale
and level of population structure, but divergent responses to contemporary landscape
change. We link dispersal costs measured with survey data and experiments to landscape
scale patterns of genetic structure through resistance models. Our results support
continuities between local process and landscape patterns for one species, and a potential
overriding effect of population size on differentiation for the other. We conclude that
when possible, the use of empirically-derived resistance surfaces will allow for clearer

interpretation of processes underlying landscape connectivity compared to use of expert
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opinion and model fitting methods. While our focal species are not equally affected by
prevalent land uses, ongoing conversion of pastures to secondary forest and tree
plantations should improve connectivity for both species by simultaneously increasing

forest cover and decreasing extent of pastures on the landscape.
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Table 3.1. Mantel r, 95% CI, and P values for analyses of genetic distances and resistance

distances. * Indicates P-values significant after Bonferroni correction.

Dest O. pumilio C. bransfordii
Model Mantel r 95% CI P-value Mantel r 95% CI P-value
IBD (logGeoDist) 0.6726 0.183  <0.0001 ™* 0.4069 0.14 <0.0001 “**

Pre-fragmentation

Pre-frag|Dist 0.0252 0.253 0.4528 0.3276 0.263 0.0188
Dist|Pre-frag 0.2858 0.273 0.0428 -0.1963  0.249 0.8997
Abundance

abun_2011|Dist 0.1158 0.278 0.2465 0.6038 0.319  <0.0001 **
abun_2001|Dist 0.113 0.278 0.2493 0.4298 0.318 0.0101
abun_1986/Dist -0.0856 0.291 0.6623 0.1622 0.337 0.1891
Distlabun_2011 0.4647 0.191  <0.0001 “** 0.1800 0.149 0.0246

abun_2011|Pre-frag 0.1086 0.259 0.2605 0.5683 0.311 0.0002 **

Experiments 2011

Survival Dist 0.1416 0.281 0.2095 0.5198 0.305 0.0008 “*
Dist|Survival 0.4786 0.192  <0.0001 “** 0.0424 0.177 0.3549
Water loss|Dist 0.1222 0.28 0.2507 0.5525 0.311 0.0004 “*
Dist|Water loss 0.3163 0.226 0.0104 -0.2485  0.246 0.9494
Substrates|Dist 0.0782 0.286 0.3321 0.5584 0.312 0.0003 “*
Dist|Substrates 0.2578 0.264 0.0549 -0.371 0.281 0.9882
Predation|Dist 0.1218 0.274 0.2400 0.4549 0.297 0.0032 *
Dist|Predation 0.4083 0.203 0.0003 * -0.2836  0.303 0.9520
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Fig 3.1. Isolation by distance relationships for (A) O. pumilio (A) and (B) C. bransfordii
Filled circles represent pairwise Jost’s D and open circles represent FST. Relationship
between average FST for each site and population size for (C) O. pumilio and (D) C.
bransfordii. Rank estimates of Ne (open circles) for each population are given on the
lower x-axis and log relative abundances (counts; filled circles) are given on the upper x-

axis.
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V. CONCLUSIONS

My dissertation research provides a case study of landscape connectivity for two
amphibians in northeastern Costa Rica that has methodological, conservation, and
theoretical implications beyond the study system. I combined experiments, field surveys,
connectivity modeling, and landscape genetics to investigate local processes underlying
connectivity, to translate experimental results to landscape resistance estimates, and to
evaluate the explanatory power of empirical resistance estimates using population genetic
data. My results show that resistance to dispersal associated with land use change can
influence population differentiation over short time periods and that local dispersal risks,
especially species responses to microclimates in altered habitats, can scale up to
landscape patterns of population genetic diversity.

In Chapter 1, I used translocation experiments to gauge the resistance of pastures
to movement of Qophaga pumilio in relation to forest habitat. Results indicated greater
risks associated with moving through pastures. Higher temperatures and lower humidity
conditions commonly encountered in pastures reduced movement performance of
O.pumilio measured as movement speeds. Orientation of displaced individuals in pastures
suggested greater motivation of displaced individuals to return to forest and limited
perceptual ranges. Most forest patches in the study landscape are separated by 100-400 m
of pasture. Limited ability to detect forest habitat at distances greater than 25 m suggests
that even short-distance dispersal through pastures will be risky, because time spent

searching for habitat will increases exposure to unfavorable microclimatic conditions.

121



Chapter 2 describes the measurement of local mechanisms related to habitat-
specific dispersal risks and use of experiments to parameterize connectivity models. For
both focal species, extreme temperatures associated with palmito and pasture land uses
resulted in increased water loss and mortality over one-hour trials. Species also exhibited
reduced movement speeds across thick pasture grasses suggesting energetic costs to
movement as well as desiccation risk may be important determinants of landscape
resistance to amphibian movements. Model validation using abundance data for the three
land uses generally indicated high support for resistance estimates from microclimate and
substrate resistance experiments. This chapter demonstrates the value of experiments for
estimating relative dispersal costs for connectivity analyses in conservation planning and
landscape ecology studies. Empirically-derived cost values provide objective means to
model contrasts among landscape elements as well as insights into processes underlying
landscape connectivity.

In Chapter 3, I use resistance models developed in Chapter 2 to analyze landscape
effects on population genetic structure of the two focal species. I found idiosyncratic
responses among species to landscape structure, which underscores the importance of
species-specific considerations in corridor design and other conservation strategies aimed
at maintaining landscape connectivity. For one species, there was continuity among
results of experiments, relative abundance data, and population genetic response to
landscape change, illustrating that dispersal risks differ among land uses and that local
dispersal risks can scale up to influence landscape patterns of population differentiation.

The land use scenario in Sarapiqui is common throughout Mesoamerica (FAO

2009) and represents a state-shift for the ecosystems that are found there (Barnosky et al.
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2012). Natural ecological and evolutionary processes within these landscapes are likely
forever altered. Biodiversity conservation in the context of agricultural landscapes will
need to focus on multiple scales, e.g., individual reserves and reserve networks, and will
need to incorporate elements of altered landscapes into conservation planning, such as
remnant trees, riparian corridors, forest fragments, and land uses themselves. Conceptual
models that define habitat and non-habitat portions of the landscape are
oversimplifications. Land uses are often used to a certain extent by native species (Kurz
et al. 2014) and knowledge of the relative habitat value and resistances of common land
uses should be used to buffer existing protected areas (e.g., by incentivizing or zoning for
land uses around protected areas that provide habitat) and increase connectivity among

them.
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